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Abstract

The growing demand for patient-specific orthopedic implants has accelerated the de-
velopment of polymer-based materials suitable for fused filament fabrication (FFF). This
study aims to develop composite filaments based on polylactic acid (PLA), chitosan, and
microcrystalline cellulose (MCC) for FFF applications in orthopedic implants. The
composites were synthesized via melt blending and extrusion, with variations in chitosan
content (1-2 wt%), MCC content (3—5 wt%), and extrusion temperature (155-165°C).
Characterization included rheological testing (MFR), structural analysis (FTIR, XRD),
morphological observation (SEM-EDX), thermal properties (TGA, DSC), and water
absorption. The results indicate that the addition of chitosan and MCC does not alter the
chemical structure of PLA but enhances interfacial interactions through hydrogen
bonding. Chitosan acts as a compatibilizer, improving MCC dispersion and matrix—filler
adhesion. Melt flow properties are governed by the balance between PLA content, filler
composition, and extrusion temperature. All composites exhibit sufficient thermal
stability for FFF; however, increasing filler content and extrusion temperature leads to
higher water absorption. The optimum composition was achieved at 93 wt% PLA, 2 wt%
chitosan, and 5 wt% MCC at an extrusion temperature of 155°C, yielding the most
balanced performance. These findings provide mechanistic insight into the potential
product innovation of composite filaments for future FFF-based orthopedic implants.
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Introduction

The increasing human life expectancy has led to an increase in bone fracture cases due to
decreased bone density and quality associated with aging.' Conventional bone repair
surgery typically relies on internal fixation methods that require specialized implants.
Internal fixation commonly employs implants such as plates, pins, or screws placed
within the body to stabilize fractured bones. Ideally, the shape and size of these implants
should be customized to accommodate various fracture patterns and the unique geometry
of each patient’s bone.” Commonly used implant materials include metals such as
stainless steel and titanium, which offer corrosion resistance, biocompatibility, and
excellent mechanical performance. While these metallic implants provide robust and
stable bone fixation, they also present several drawbacks, including limited formability,
high cost, potential damage to surrounding tissues, reduced bone density, and com-
plications during removal.>**

In addition to metals, polymer-based materials have emerged as promising alter-
natives due to their ease of fabrication and lower cost. Polymer implants must retain the
advantageous properties of metallic implants while also offering additional benefits, such
as antimicrobial and biodegradability characteristics.” An antimicrobial characteristic is
required, as implant placement carries an inherent risk of infection at the implantation
site.® Once bone healing is complete, implants are typically removed, but removal
procedures pose risks of damage to bone and surrounding tissues.” Conversely, leaving
implants in place may lead to adverse effects and impede bone development, particularly
in pediatric patients.® Therefore, polymer implants should ideally be biodegradable and
capable of being resorbed by the body to minimize discomfort and prevent long-term
complications for patients.”'°

Drawing upon the aforementioned considerations, this study addresses the critical
need for alternatives to metallic internal fixation. The solution proposed in this study is to
use a Polylactic Acid (PLA)/Chitosan/Cellulose composite material to fabricate im-
plants. Previous studies have employed composite materials for implant fabrication with
PLA as the matrix polymer.'""'? The selected matrix material is PLA due to its bio-
compatibility, biodegradability, and bioabsorbability.'*'® PLA undergoes hydrolytic
degradation to lactic acid or carbon dioxide and water, which are subsequently absorbed
by the body and eliminated via urine or respiration.'” In addition, PLA is selected because
it exhibits superior mechanical properties compared to other biodegradable polymers.'®
Even though its mechanical strength remains lower than that of human bone,'’ PLA can
retain its strength for up to 8 weeks.*

The hydrolysis of PLA may increase local acidity and elevate the risk of infection
around the implant site.”® Therefore, implant materials must also possess antimicrobial
properties to mitigate the risk of infection.”'** To address this, the present study in-
corporates chitosan into PLA to impart antimicrobial activity.>>>> Chitosan has been
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incorporated into PLA to reduce infection risks, given that chitosan is an antimicrobial,
biocompatible, biodegradable, non-toxic, and non-allergenic polymer.?®** Although the
addition of chitosan can lower the risk of infection, it also reduces certain mechanical
properties of PLA/Chitosan composites.*'*%+*

Various approaches have been explored to enhance PLA’s mechanical perform-
ance.”'* One of which is cellulose reinforcement to improve the mechanical strength of
polymer composites.” ¢ Several studies have incorporated Microcrystalline Cellulose
(MCC) into PLA to enhance the mechanical performance of PLA-based composites.*” >’
MCC reinforcement has been shown to improve the mechanical and thermal properties as
well as the crystallinity of PLA.*® Other studies have reported that the inclusion of
Cellulose Nanocrystals (CNC) can also increase the tensile strength of PLA.*' The
cellulose—chitosan blends have been developed to combine the mechanical strength,
water stability, and hydrophilicity of cellulose with the antimicrobial properties of
chitosan.*> Owing to its biocompatibility and mechanical integrity, the PLA/Chitosan/
Cellulose composite represents a promising candidate for internal fixation applications in
orthopedic surgery.

The addition of cellulose to PLA/Chitosan composites has also been explored using
the solvent casting method for packaging coatings.** However, this method is unsuitable
for producing implants intended for internal fixation, which require high mechanical
strength, precision, and specific structural characteristics.** Three-dimensional (3D)
printing has increasingly been used to fabricate polymer implants for both internal and
external fixation.>*>*® This technology enables the rapid and precise production of
implants tailored to the fracture and the patient’s bone geometries. Mechanical im-
provements in PLA/Chitosan composites can be achieved by optimizing 3D printing
parameters.”’ Previous studies have demonstrated that antimicrobial PLA-based com-
posites can be processed via 3D printing,*” and PLA prints can be effectively sterilized by
methods such as autoclaving or gamma irradiation.**

One of the 3D printing technologies, Fused Filament Fabrication (FFF), has been
widely used to fabricate polymer products. Therefore, FFF will be used to produce
internal fixation implants made of a PLA/Chitosan/Cellulose composite filament. In this
study, the filament was fabricated via melt blending followed by extrusion. Conse-
quently, the PLA/Chitosan/Cellulose composite must demonstrate sufficient process-
ability for melt extrusion to facilitate filament fabrication.

While PLA-based composites incorporating chitosan and cellulose have been in-
vestigated, existing studies predominantly address binary systems, solvent-cast mate-
rials, or bulk property characterization, with limited focus on filament processability for
FFF. Furthermore, the combined effects of composition and processing conditions on the
printability and performance of PLA/chitosan/MCC systems remain poorly understood.

To provide a comprehensive solution to the challenge above, the following research
questions are formulated:

* How to synthesize the PLA/Chitosan/Cellulose composite that satisfies the re-
quirements for filament fabrication?
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e To what extent do the tailored PLA/Chitosan/Cellulose composites exhibit the
requisite properties for filament of FFF?

This study addresses these gaps by developing a PLA/Chitosan/Cellulose composite
tailored for use as an FFF filament and establishing a composition—processing—property
relations. Specifically, this research aims to:

¢ Develop a synthesis method for PLA/Chitosan/Cellulose composites that meets the
requirements for filament fabrication.

¢ (Characterize the properties of the tailored PLA/Chitosan/Cellulose composites to
be used as filament for FFF.

This study presents an approach for tailoring PLA/Chitosan/Cellulose composite
filaments via melt blending and extrusion to meet the processing and stability re-
quirements of FFF. By correlating composite composition and extrusion temperature
with melt-flow behavior, morphological stability, thermal resistance, and water uptake,
this study identifies a balanced processing window for FFF filaments. The work provides
mechanistic insight into the composition—processing—property relationships that govern
filament performance. The resulting composite filaments offer potential material for
future biomedical and orthopedic manufacturing applications.

Materials and Methods

Materials

Ingeo™ Biopolymer 4043D PLA, manufactured by NatureWorks, was used in this study.
This type of PLA is well-suited for a broad range of applications.’® The melt flow index
of this PLA grade is reported to be 6 g/10 min according to ASTM D1238 (210°C,
2.16 kg), with a specific gravity of 1.24 g/cm® according to ASTM D792. The selection of
Ingeo™ 4043D represents a strategic compromise between processability during fila-
ment extrusion and dimensional accuracy. Furthermore, this study used low molecular
weight chitosan (Sigma Aldrich, Product Number: 448869, CAS Number: 9012-76-4) in
the form of powder. Low-molecular-weight chitosan is selected because it provides
superior biodegradability and bioactivity compared to high-molecular-weight chitosan.>'
Last, the cellulose used in this research, in form of MCC powder, was supplied by Merck
(Part Number: 1.02331.0500, particle size between 10 um and 160 um). The rigid,
crystalline structure of MCC enables efficient load-bearing and stress transfer from the
polymer matrix.>

Fabrication of PLA/Chitosan/MCC Composite Filaments

To synthesize the PLA/Chitosan/MCC composite that meets the requirements for fil-
ament fabrication, the processes performed in this study are presented in Figure 1. First,
all materials are continuously stirred at room temperature to create a PLA/Chitosan/MCC
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mixture. To prevent hydrolytic degradation during processing and minimize moisture-
induced defects, the material mixture was subjected to a standardized dehydration
process in a vacuum oven at 55°C for 2 hours before melt-blending. Then, the mixture
was processed in a single-screw extruder (ReDeTec Protocycler) at a certain extrusion
temperature. The extruder rotation speed was set to 30 rpm during filament production.
Based on the previous study, chitosan content was strategically limited to 1-2 wt% to
maintain optimal extrudability and prevent nozzle clogging,”® while cellulose was in-
corporated at 3—5 wt% to reinforce the crystalline structure and enhance thermal
stability.>*>® An extrusion temperature of 155-165°C was selected, based on the PLA
melting point identified via DSC analysis and preliminary experimental optimization, to
ensure consistent melt rheology during extrusion. Four formulations were investigated by
varying the concentrations of PLA, chitosan, and MCC, as well as the extrusion tem-
perature, as detailed in Table 1. Figure 2 shows the physical image of four compositions
of the composite.

Characterizations

The suitability of the four PLA/Chitosan/MCC composite formulations for FFF filament
was evaluated through a series of comprehensive characterizations described below.
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Figure I. Schematic overview.

Table I. Composition of composites.

Composite  Chitosan (wt. %) MCC (wt. %)  PLA (wt. %)  Extrusion temperature (°C)

A | 3 96 155
B | 5 94 155
D 2 5 93 155
H 2 5 93 165
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Figure 2. Physical image of the composites.

Rheological Analysis. The Melt Flow Rate of the composite was measured to assess the
melt viscosity and flow behavior during extrusion using the Mflow Extrusion Plastometer
(ZwickRoell).

Structural and Morphological Analysis. Fourier Transform Infrared Spectroscopy
(IRTracer—100, Shimadzu) was used to investigate intermolecular interactions and
hydrogen bonding. The crystalline phase and constituent identification were performed
using X-ray Diffraction (Aeris Benchtop, Malvern Panalytical), and the surface to-
pography was examined using Scanning Electron Microscopy (Axia ChemiSEM,
Thermo Scientific).

Thermal Analysis. Differential Scanning Calorimetry (Mettler Toledo) was conducted to
evaluate the glass transition temperature (Tg) and melting temperature (Tm). Ther-
mogravimetric Analysis (STA 6000, PerkinElmer) was used to determine the thermal
decomposition kinetics.

Water Absorption Analysis. Water absorption capacity was quantified in accordance with
ISO 62 at ambient temperature.

Results and Discussion

The next stage involved analyzing the physicochemical data resulting from the char-
acterization above. The results were validated against the properties required for FFF
implementation.

Rheological Analysis

The results of Melt Flow Rate (MFR) testing are shown in Table 2 below. PLA serves as
the continuous melt phase, forming an entangled polymer network that dominates melt
viscosity. Composites with a higher PLA fraction (e.g., Composite A) tend to exhibit
lower MFR because the polymer chains form more entanglements that resist flow under
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Table 2. MFR of composites.

Composite MFR (g/10 min)
A 9.54

B 14.38

D 10.55

H 13.52

shear. Conversely, lowering PLA content reduces the entanglement density, thereby
facilitating molecular mobility and enhancing melt flowability. This effect is consistent
with the understanding that lower chain-entanglement density reduces viscous resistance
in polymer melts.

Although rigid fillers such as MCC are usually associated with increased melt vis-
cosity due to geometric hindrance and restricted polymer chain mobility, in some
multicomponent systems, their effect may be offset or modified by other mechanisms.
For example, incorporating MCC at moderate loadings (e.g., Composite B) can suffi-
ciently disrupt polymer network continuity that the effective continuous PLA phase
fraction decreases noticeably, yielding a net increase in MFR despite the presence of the
rigid filler. Examination of PLA composites with varying MCC levels has shown that
MCC can influence rheological properties by altering polymer chain disentanglement
and flow-regime transitions, as well as changes in crystallinity and matrix mobility. A
study on PLA/MCC composites prepared via melt blending reports variations in rhe-
ological behavior with filler content that align with these trends and emphasizes how
filler dispersion and interactions with plasticizers affect melt processability.54

The presence of chitosan introduces additional intermolecular interactions (e.g.,
hydrogen bonding) that can affect the mobility of PLA chains and the dispersion of MCC
particles. An increase in chitosan from 1% to 2% (e.g., Composite D vs Composite B) at
the same MCC content and temperature was associated with a lower MFR, suggesting
that chitosan may enhance cohesive interactions in the melt, increasing melt viscosity or
reducing chain mobility. Such effects have been discussed in broader studies of PLA
blends and biopolymer composites containing chitosan, where chitosan alters melt
characteristics through its influence on matrix structure and rheological response.’”

Processing temperature directly affects melt viscosity and, in turn, the resulting MFR/
MVR values. Higher extrusion temperatures reduce melt viscosity by increasing polymer
chain mobility and diminishing entanglements and cohesive forces, as evidenced by the
increased MFR of Composite H (extruded at 165°C) compared to Composite D (extruded
at 155°C), despite similar compositions. This is consistent with the general principle that
melt flow indices increase with processing temperature due to thermal softening and
decreased resistance to flow.”®

The rheological characterization of the composites above reveals a significant var-
iance in flow behavior. A threshold value of 10 g/10 min (based on ISO 1133) is required
to enable a good printing process and enhance inter-layer diffusion of the composite
using a 190 - 220°C nozzle temperature.’” Composite B and composite H exhibited the
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highest fluidity, placing them well above the threshold and suggesting superior molecular
mobility that enhances layer adhesion. Composite D closely aligns with the recom-
mended benchmark, indicating a balanced profile between flowability and structural
stability. Conversely, composite A falls slightly below the threshold, potentially ne-
cessitating higher processing temperatures to achieve the rheological performance re-
quired for high-strength fusion.

Structural and Morphological Analysis

Fourier Transform Infrared (FTIR) Spectroscopy Analysis. FTIR spectroscopy was employed
to elucidate the chemical structure and interfacial interactions of PLA and PLA/Chitosan/
MCC composite filaments with different filler compositions. FTIR spectra of PLA and
PLA/Chitosan/MCC composite are shown in Figure 3.
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Figure 3. FTIR spectra of PLA and PLA/Chitosan/MCC composite.
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All composite spectra are dominated by the characteristic absorption bands of PLA,
which is consistent with the high PLA content (>94 wt%) in all formulations. The intense
ester carbonyl band at 1750 cm ™' is preserved in all composites, indicating that the
incorporation of chitosan and MCC does not alter the chemical backbone of PLA.
Additional PLA-related bands, including C—H stretching vibrations at 3000-2950 cm '
and CH; bending vibrations at 1450 and 13601380 cm ™', remain unchanged across all
composites. These observations are in good agreement with previous studies on PLA/
Cellulose and PLA/Chitosan bio-composites, which consistently report the absence of
new absorption peaks and the preservation of the PLA ester functionality, suggesting that
the interactions between PLA and polysaccharide fillers are predominantly physical
rather than chemical in nature.’®

The contribution of polysaccharide components is mainly reflected in the broad
absorption region at 3400-3200 cm ™' and in the fingerprint region (1200-900 cm ™).
The broadening of the O—H or N-H stretching band becomes more pronounced in the
composite filaments, particularly in the composite with higher MCC content and the
composite with higher chitosan content, indicating enhanced intermolecular hydrogen
bonding between PLA carbonyl groups and hydroxyl or amino groups of the fillers. In the
fingerprint region, PLA exhibits strong C—O—C and C-O stretching bands at 1184 and
1080 cm ', while the composites show broader and more complex features due to
overlapping contributions from polysaccharide backbones. Composite with higher MCC
content displays the most significant modification, with enhanced shoulders at 1050—
1020 cm™! characteristic of cellulose C—O stretching and contributions near 900 cm™"
associated with B-glycosidic linkages, consistent with reports on PLA/MCC systems
where increasing cellulose content intensifies polysaccharide-related fingerprint
features.””®" In contrast, composite with higher chitosan exhibits subtle features in the
1650-1550 cm ™' region attributable to residual amide I and amide II vibrations of
chitosan, in line with previous observations for PLA/Chitosan composites.®'*®>

The FTIR analysis demonstrates that incorporating MCC and chitosan into the PLA
matrix does not induce new chemical functionalities but instead promotes intermolecular
hydrogen bonding and other physical interactions at the polymer—filler interface. These
interactions are strongly dependent on filler composition and are manifested primarily
through peak broadening and modifications in the fingerprint region sensitive to
polysaccharides. Such composition-dependent interfacial interactions are expected to
influence the structural organization and subsequent thermal and mechanical behavior of
the composite filaments.

X-ray Diffraction (XRD) Analysis. The result of baseline-corrected XRD curves is shown in
Figure 4. The four composites exhibit amorphous material. Peaks are especially evident
for composites B and H. However, the peaks are very broad, which is characteristic of
amorphous materials. The diffraction peaks observed in the XRD patterns represent well-
ordered crystallites that act as effective reinforcing agents and are directly correlated with
enhanced mechanical stiffness and tensile modulus.®> However, increased crystallinity
often correlates with diminished interlayer adhesion due to the rapid solidification of
polymer chains at the printing interface.®*
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Figure 4. X-ray diffraction profiles of PLA/Chitosan/MCC composite.

According to Mazzanti et al., crystalline PLA showed an intense peak at 260 = 17°
while its composites with hemp fiber were amorphous.®> Rapid cooling of the molten
composite may result in the formation of amorphous composites. Nevertheless, the
amorphous composites still enhance PLA’s tensile strength. The diffractogram in
Figure 4 also showed a very broad amorphous peak at 17°. The peak combined with
those of MCC and chitosan at 22° and 20°, respectively.(’6 The presence of well-defined
diffraction peaks across all composite formulations indicates their potential as functional
FFF filaments, despite variations in crystallinity.

Scanning Electron Microscopy (SEM) Analysis. SEM was used to investigate the fracture-
surface morphology of PLA and PLA/Chitosan/MCC composite filaments with four
different compositions. These SEM micrographs of PLA/Chitosan/MCC composite
filaments are shown in Figure 5 below.

For composition A, the fracture surface is relatively smooth, compact, and continuous,
indicating that the PLA matrix remains the dominant structural phase. The low MCC
content limits fillerfiller interactions, allowing MCC to be reasonably well dispersed
within the matrix. Only a small number of microvoids are observed, and no extensive
filler pull-out is evident. Similar morphologies have been reported by Fortunati et al. and
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Figure 5. SEM micrographs of PLA/Chitosan/MCC composite filaments prepared at different
compositions and extrusion temperatures.

Oksman et al. for PLA/MCC composites with low cellulose content, where good dis-
persion and matrix continuity are maintained.®”*® The presence of chitosan, even at low
concentrations, likely improves interfacial cohesion through hydrogen bonding with
MCC, as also reported in PLA/Chitosan systems by Rhim, Park, and Ha.*®

When the MCC content is increased to 5 wt% while maintaining chitosan at 1 wt%
(e.g., composition B), the fracture surface becomes markedly rougher and more het-
erogeneous, with visible microvoids, irregular cavities, and features associated with filler
pull-out. This morphology indicates MCC agglomeration and interfacial debonding,
which are commonly observed when cellulose loading exceeds the dispersion limit in
PLA matrices. Comparable SEM features, such as voids and clustered cellulose domains,
have been widely reported in PLA/MCC composites by Fortunati et al. and Oksman et al.,
who attributed these defects to strong hydrogen bonding between cellulose particles and
to insufficient interfacial compatibility with PLA."® In the current composite, the
limited chitosan content is insufficient to effectively cover the increased MCC surface
area, resulting in weak interfacial regions.

A clear morphological improvement is observed when the chitosan content is in-
creased to 2 wt% while keeping the MCC loading constant (e.g., composition D).
Compared to composition B, the fracture surface exhibits finer microstructural features,
reduced void size, and a more cohesive fracture pattern. This indicates enhanced in-
terfacial adhesion and improved filler wetting. Similar effects of chitosan acting as a
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natural compatibilizer have been reported in PLA/Chitosan and PLA/Chitosan/MCC
systems, where increased chitosan content promotes hydrogen bonding and reduces
interfacial gaps.”®® The present SEM results confirm that chitosan partially mitigates
MCC-induced agglomeration by forming a chitosan-mediated interphase between MCC
and PLA.

Despite having identical compositions, composites D and H exhibit noticeable mi-
crostructural differences attributable to the variation in extrusion temperature. Composite
H, processed at the higher temperature (165°C), displays localized regions of pronounced
surface roughness and occasional filler-enriched domains, suggesting temperature-
induced changes in melt flow behavior and phase redistribution during processing. In
contrast, composite D (155°C) exhibits comparatively more uniform dispersion, indi-
cating that moderate processing temperatures may favor improved phase stabilization in
this composite. This behavior is consistent with recent reports on PLA/Cellulose
composites, where processing temperature modulates melt viscosity, interfacial wet-
ting, and shear-induced dispersion dynamics.””’! While elevated temperatures may
enhance polymer—filler contact through improved chain mobility, excessive thermal
energy can simultaneously promote filler migration or re-agglomeration, particularly in
high-MCC formulations. Such temperature-dependent morphological variability in
cellulose-reinforced PLA composites has been widely reported. Oksman et al. em-
phasized the high sensitivity of PLA/Cellulose composites to processing conditions,
particularly shear history, residence time, and moisture content, all of which influence
filler dispersion and interfacial adhesion.®® Elevated extrusion temperatures can reduce
melt viscosity and enhance wetting of polysaccharide fillers; however, excessive thermal
mobility may also promote filler migration or partial re-agglomeration, especially in
composites with high MCC loading.

The present observations suggest that while chitosan enhances interfacial compati-
bility through hydrogen-bond-mediated interactions with both PLA and MCC, MCC
remains the dominant factor governing morphological stability due to its intrinsic
tendency to form hydrogen-bonded networks. Compared with previously reported PLA/
MCC composites lacking compatibilizers, the PLA/Chitosan/MCC composites inves-
tigated here demonstrate reduced interfacial voids and improved matrix—filler cohesion,
particularly at optimized processing temperatures. Nevertheless, complete suppression of
MCC aggregation likely requires additional strategies, such as surface-modified cellulose
or reactive compatibilization approaches, as suggested by Oksman et al. and Farah,
Anderson and Langer.”®%®

Elemental composition analysis using SEM—EDX confirms that carbon (C), oxygen
(O), and nitrogen (N) are the dominant elements in all PLA/Chitosan/MCC composite
filaments, consistent with the chemical structures of PLA and polysaccharide constit-
uents. Quantitative results reveal that composite A contains 49.3 at.% C, 44.1 at.% O, and
6.6 at.% N. Increasing the MCC fraction in composite B slightly elevates nitrogen to
8.2 at.%, whereas composite D shows 6.1 at.% N. Notably, composite H exhibits 7.7 at.%
N, despite having an identical composition to D, indicating that extrusion temperature
influences the detectable surface distribution of chitosan-rich domains. Because nitrogen
originates exclusively from chitosan due to its primary amine groups, the N atomic
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percentage serves as a reliable tracer for chitosan dispersion within the PLA/MCC matrix. The
relatively higher nitrogen content observed in composite B and H suggests localized en-
richment or improved surface exposure of chitosan under those processing conditions. The
increase in detectable N at 165°C (composite H) may be attributed to enhanced polymer chain
mobility during extrusion, which can promote the redistribution of the chitosan phase toward
fracture surfaces, as examined by SEM. Similar temperature-dependent elemental redistri-
bution in PLA/Cellulose composites has been reported in recent studies, where melt viscosity
reduction at elevated processing temperatures influenced filler migration and phase
exposure.”””! However, excessive thermal energy can also induce partial re-agglomeration of
cellulose-rich domains, as observed in high-loading composites.”® The carbon and oxygen
ratios remain relatively stable across the composites (C = 48-51 at.% and O = 4344 at.%),
reflecting the dominant contribution of the PLA matrix. Minor variations in C/O balance are
attributable to differences in MCC content, since cellulose has a higher oxygen-to-carbon ratio
than PLA. The stability of these elemental ratios further supports the FTIR findings that no
new covalent bonding occurred during compounding, as no additional heteroatoms were
introduced beyond those intrinsic to the polymer components. Instead, the interaction
mechanism remains dominated by hydrogen bonding between PLA carbonyl groups and
hydroxyl/amino groups of MCC and chitosan, consistent with recent spectroscopic and
morphological studies on PLA—polysaccharide composites.”>”> Elemental mapping also
confirms a relatively homogeneous spatial distribution of C and O throughout the matrix,
whereas N mapping shows localized yet well-dispersed domains corresponding to chitosan-
rich regions. Compared with previously reported PLA/MCC composites without compati-
bility, the present PLA/Chitosan/MCC composites display reduced elemental clustering and
fewer nitrogen-depleted interfacial voids, indicating improved matrix—filler cohesion. Nev-
ertheless, the persistence of localized compositional heterogeneity, particularly at higher MCC
loadings, suggests that MCC remains the dominant factor governing morphological stability,
owing to its intrinsic tendency to form hydrogen-bonded networks.”* The EDX results
corroborate the SEM morphological observations and FTIR interfacial analysis, demon-
strating that chitosan functions primarily as a compatibilizing interphase that enhances el-
emental homogeneity and interfacial continuity. However, complete suppression of MCC
aggregation would likely require further strategies such as surface-modified cellulose, reactive
compatibilization, or optimized extrusion rheology, as proposed in recent polysaccharide-
reinforced PLA composites.”””

Despite the localized filler agglomeration observed at higher MCC loadings, the SEM
and EDX analyses confirm that all developed composites maintain a continuous PLA
matrix and sufficient interfacial cohesion. These findings, combined with the successful
elemental distribution of nitrogen as a tracer for chitosan, demonstrate that all formu-
lations are viable candidates for FFF filament production, with composition D repre-
senting the most morphologically optimized system.

Thermal Analysis

Thermogravimetric Analysis (TGA). TGA is used to assess thermal stability as a function of
temperature. The study of the thermal stability of polymer or composite materials is
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important for developing processing strategies, identifying potential applications, and
thermal recycling of polymers. Figure 6 shows the thermogram of four composites
studied in this research. All the composites behave relatively the same, although
composite H shows very slightly more thermal stability compared to the other three
composites. The first and only large drop in weight (90%) occurred at 340°C. This one-
stage decomposition was also confirmed for pure PLA at 260-300°C. The PLA-cotton
byproduct, containing a biocomposite, also exhibited one-step decomposition.®® All the
composites in this work were almost completely devolatilized at 380°C. Similar behavior
was observed in pure PLA.°%"° This thermal behavior information for the composites is
important, as the filament composites will be processed in a 3D printer to produce final,
usable products. As filament composites can withstand temperatures above 300°C, they
are potentially suitable for use in 3D printing.

Differential Scanning Calorimetry (DSC) Analysis. DSC is used to evaluate the effect of
chitosan and cellulose on glass transition temperature (Tg), melting temperature (Tm),
and degree of crystallinity (Xc). The DSC thermograms of the studied biocomposites are
shown in Figure 7. The thermograms show how the composite’s heat flow changes with
temperature. Composites A, B, and D show a similar trend, while composite H behaves
differently. However, as shown in Table 3, the values of the glass transition and melting
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Figure 6. The thermogram of PLA/Chitosan/MCC composite.



Suteja et al. I5

temperatures obtained from the curves are not significantly different across all com-
posites. The glass transition temperature is approximately 55-56°C, while the melting
point is around 143—144°C. The composite H has wider, higher-melting-point peaks and
therefore requires more thermal energy to melt. The values of the glass transition and
melting temperatures are not very different from those of pure PLA reported in another
work, with Tg = 50-64°C and Tm = 150-220°C.”>’® Amorphous commercial PLA as a
copolymer of PLLA is also reported to have Tg = 50-59.5°C and Tm = 129-171°C.”’
The crystallinity of a polymer can also be obtained from DSC data using the following

equation (1) below.”®
X, = g’z x 100% (1

m

In this equation, AH, = the melting enthalpy of an ideal crystal, and AH,, = the melting
enthalpy of the polymer. As shown in Table 3, although it appears amorphous in the XRD
diffractogram (Figure 4), the composite is semi-crystalline, with a crystallinity of 23.70—
29.47%. Higher crystallinity in the PLA/Chitosan/MCC composites is expected to imply
enhanced the tensile strength of the FFF-fabricated specimens. The thermal properties
obtained from DSC analysis confirm that all developed composites are suitable for FFF

Heat Flow, mW

50 100 150 200 250 300
Temperature (°C)

Figure 7. DSC curves of the studied PLA/Chitosan/MCC composites.
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Table 3. Glass transition, melting temperature, melting enthalpy, and crystallinity of composites.

Composite Tm (°C) Tg (°C) AH,,, )/g Xc, %
A 144.1 56.10 22.05 23.70
B 143.4 55.48 23.93 25.73
D 143.8 55.24 23.90 25.70
H 143.0 55.63 27.41 29.47
Pure PLAS® 130 — 180 50 — 80 93 100

filament applications, offering a good balance between processability and structural
integrity.

Water Absorption Analysis

The preparation of water absorption test specimens began by cutting extruded filaments
to a length of 25 + 1 mm, with three specimens prepared for each composite composition.
All test specimens were cleaned with ethanol, dried for at least 24 hours at 50°C, and then
allowed to cool to room temperature. Each specimen was weighed using a balance with
an accuracy of 0.1 mg, and the measured value was recorded as the initial mass.

The water absorption of the specimens was measured by immersion in water at 23 +
1°C. Each specimen was immersed in a container filled with distilled water, with a
minimum volume of 300 mL per specimen (Figure 8).

The first weighing of the filament mass was conducted after 2 hours of immersion.
Subsequent weighings were performed at 6, 24, and 48 hours of immersion. After each
designated immersion period, the specimens were removed from the water, dried,
weighed, and the measured value recorded. The weight of the specimen after 48 hours of
immersion is recorded as the final mass. The water absorption data for each composite,
obtained from the test results, are presented in Table 4.

Based on the test results, water absorption increased with increasing chitosan and
MCC content. Composite D, which contains more chitosan than composite A, exhibited a
higher water absorption capacity. This indicates that chitosan enhances the composite’s
water absorption. Similarly, composite B, which contains more MCC than composite A,
absorbed more water. Although the increase in water absorption was not significantly
different, this result indicates a positive influence of MCC on water absorption. An
increase in extrusion temperature also enhanced the composites’ water absorption.
Composite H, which was processed at a higher extrusion temperature, exhibited higher
water absorption compared to composite D. Overall, increasing the chitosan and MCC
content, as well as increasing the extrusion temperature, resulted in increased water
absorption of the composites.

The results are in line with previous research. A higher chitosan content tends to
increase the composite’s water absorption capacity, as chitosan is well known for its
hydrophilic properties.”’ Adding MCC also reduces the composite’s hydrophobicity.xo
Furthermore, changes in the polymer structure at higher processing temperatures may
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Figure 8. Water absorption test.

Table 4. Water absorption test results.

Composite Test Water absorption (%) Average (%)
A First 0.5405 0.6012
Second 0.5997
Third 0.6633
B First 0.5722 0.6096
Second 0.8141
Third 0.4424
D First 0.9225 0.8422
Second 0.9600
Third 0.6441
H First 0.3921 1.1163
Second 1.0088
Third 1.9480

reduce thermal stability or effective crosslinking, thereby making the material more
susceptible to water penetration.®' The diffusion of water molecules into the composite
material alters its microstructure by forming internal voids within the polymer matrix.*
Water diffusion into the composite also accelerates the degradation of PLA.** Water
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absorption by PLA reduces the composite’s mechanical strength by inducing PLA chain
scission.®

When used as a filament material for FFF, the composite’s water absorption must be
carefully controlled. The composite should degrade within an appropriate time frame for
its applications, but must not become brittle. Based on previous studies, the water
absorption limit at saturation for PLA filaments is approximately 0.9% before severe
hydrolytic degradation occurs during printing.*> Therefore, composite H exhibits ex-
cessive moisture affinity, rendering it unsuitable for use as an FFF filament.

The performance of PLA/Chitosan/MCC composite filaments for FFF is governed by
the interplay between composition, processing conditions, and interfacial interactions.
Rheological analysis revealed that composites B and D exceeded the minimum melt flow
index required for stable FFF printing. Composite A showed insufficient flowability, and
composite H exhibited excessive water absorption, rendering both unsuitable for filament
use. However, composite B exhibits critical structural defects due to insufficient in-
terfacial compatibility between the high MCC loading and the PLA matrix. These
findings highlight the importance of balancing filler content and processing temperature
to achieve optimal extrusion performance. Overall, composite D (PLA 93 wt%, chitosan
2 wt%, MCC 5 wt%, extruded at 155°C) emerged as the most promising formulation,
offering a favorable combination of melt flow behavior, thermal stability, interfacial
cohesion, and controlled water absorption.

Conclusions

This research has developed PLA/Chitosan/MCC composite filaments for FFF appli-
cations via melt blending and extrusion. The results indicate that filament properties are
significantly influenced by the balance between material composition and processing
conditions. Chitosan acts as a compatibilizer that enhances interfacial adhesion through
hydrogen bonding, while MCC contributes to structural reinforcement, despite its po-
tential for agglomeration. Among all variations, the optimal composition was achieved
with 93 wt% PLA, 2 wt% chitosan, and 5 wt% MCC at an extrusion temperature of
155°C, providing an ideal balance between processability, thermal stability, morphology,
and water absorption. Future studies should focus on mechanical performance, anti-
microbial efficacy, and in vitro degradation behavior to further validate the suitability of
these composites for biomedical and orthopedic applications.
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