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Abstract Bioabsorbable and biodegradable com-
posites have experienced rapid growth, owing to
their high demand in the biomedical sector. Polymer-
cellulose nanocrystal (CNC) compounds were devel-
oped using a medical-grade poly (e-caprolactone)
(PCL) matrix to improve the stiffness and load-bear-
ing capacity of pure PCL. Five PCL/CNCs filament
grades were melt-extruded, pelletized, and fed into an
industrial bioplotter to fabricate specimens. To assess
the effects of CNCs on pure PCL, 14 tests were con-
ducted, including rheological, thermomechanical,
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and in situ micro-mechanical testing, among others.
The porosity and dimensional accuracy of the sam-
ples were also documented using micro-computed
tomography while scanning electron microscopy was
employed for morphological characterization. Over-
all, the 4.0 wt % CNCs loading accomplished the
optimum mechanical response, with an increase in
its tensile (19.1%) and flexural strength (12.6%) com-
pared to pure PCL. Concurrently, this grade exhib-
ited the highest MFR, minimum porosity, and highest
nominal-to-actual geometric accuracy, thereby con-
vincingly interpreting the reinforcement mechanisms.
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Introduction

The development of high-performance multifunc-
tional materials tailored for specific applications is a
key requirement for Additive Manufacturing (AM).
To achieve this, nanofillers have been combined
with polymeric matrices to enhance their mechani-
cal strength (Vidakis et al. 2022¢). Moreover, various
composites that demonstrate properties suitable for
fields, such as medicine, have been introduced. For
instance, antibacterial properties have been induced
in polymeric materials in vat photopolymerization
(VPP) (Vidakis et al. 2023g) and Material Extrusion
(MEX) AM technology (Vidakis et al. 2023d, 2023h,
2023e). Sustainable green materials are also popular
in 3D printing (Vidakis et al. 2023a), especially in
biomedical applications (Arif et al. 2023), whereas
soft materials have recently attracted the attention
of the scientific community (Tariq et al. 2023). The
broad use of 3D printing in healthcare and medical
applications has often been reported in the literature
(Kholgh Eshkalak et al. 2020).

A relatively new yet rapidly implemented 3D
printing technology with significant potential in tis-
sue engineering and biomimetics is bio-plotting,
owing to its capacity to address several engineering
challenges encountered in the biomedical industry.
Therefore, they have attracted considerable research
interest in recent years (Jian et al. 2018). The use of
3D bioplotting technologies also reflects the grow-
ing demand for the controlled assembly of biologi-
cally appropriate materials (Mironov et al. 2006). The
development of tissue and biodegradable scaffolds is
frequently stimulated by biomolecules such as growth
factors (Giraud et al. 2012). Although traditional tis-
sue engineering methods have demonstrated clini-
cal success in the construction of a variety of tissues
(Place et al. 2009), difficulties persist in the construc-
tion of complex tissues and organs. Some examples
include the lack of readily available biomaterials for
tissue assembly, inadequate scaffold production tech-
niques that might imitate tissue microarchitecture,
and approaches to distributing various cell types to
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the correct spots within the bio-scaffold (Billiet et al.
2012). Several criteria, including biodegradability,
biocompatibility, structural capacity, geometrical con-
formity, and moderate porosity must be addressed to
create optimal scaffolds for tissue regeneration (Seol
et al. 2012). Particle leaching (Prasad et al. 2017),
solvent casting (Nonato et al. 2019), and freeze-dry-
ing (Grenier et al. 2019) are some of the methods
employed to fabricate scaffolds for tissue engineering
applications. Although these approaches can create
structures that are required, it is still challenging to
manage the size, microarchitecture, and interconnect-
edness of pores that carry nutrients and oxygen that
cells need to survive (Seol et al. 2014). Additionally,
scaffolds may still include organic solvents that are
used to dissolve biomaterials, and their lingering resi-
dues could be hazardous to cells (Peltola et al. 2008).

Poly (e-caprolactone) (PCL) is a biocompatible
and bioabsorbable polymer that has been extensively
studied owing to its unusual physicochemical proper-
ties (Scaffaro et al. 2017). PCL is a biodegradable pol-
ymer widely used in biomedical applications (Scaf-
faro et al. 2016a), for the expansion of bioprocesses
(Scaffaro et al. 2016b), and in tissue engineering,
mainly as a matrix material in composites (Arif et al.
2022). The applicability of PCL in hard-tissue repair
is restricted by the high elongation at break and rela-
tively low elastic modulus of ductile polymers (Hut-
macher 2000). All of these factors have led to numer-
ous scientific studies that have focused on the creation
of high-performance electrospun PCL scaffolds, such
as biopolymer blends (Bauer et al. 2016), and the util-
ity of nanofillers (Ghorbani et al. 2015). More spe-
cifically, scientific literature describes a variety of
nanofillers, such as biopolymeric nanoparticles (Zhu
et al. 2015) and multi-walled carbon nanotubes (Liao
et al. 2012), which are employed to enhance the bio-
mechanical response of PCL. Currently, graphene
and its derivatives are the most effective additives
for developing high-performance materials (Zhang
et al. 2016). Another study examined the mechanical
characteristics of nanocomposites composed of PCL
homopolymers with nanofibrillated bacterial cellu-
lose (NFBC). The most rigid film that had the greatest
Young’s modulus and optimum strength, measuring
57.3 and 661.3 MPa, respectively, was made by the
nanocomposite containing 13 wt % cellulose. These
findings indicate that NFBC is a superior reinforce-
ment material (Hashim et al. 2022a). Epoxy glass
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composites have been introduced into PCL to develop
self-healing composites (Simonini et al. 2023). Cel-
lulose has been employed to reinforce PCL for the
development of composites in the form of nanofibers
(Lee et al. 2011) and nanofibrillated bacterial cellu-
lose (Hashim et al. 2022b).

Cellulose, the most prevalent biopolymer derived
from plants or microbes, has been extensively
employed in the production of green products (Qiu
et al. 2018). Several nanosized cellulose particles
(Khalid et al. 2021), such as cellulose nanofibers,
nanofibrillated cellulose, and cellulose nanocrystal
(CNC), can be produced using a variety of mechani-
cal and chemical processes (Moon et al. 2011).
Because of the ester sulfate groups added by acid
hydrolysis, cellulose can be stably distributed in water
in colloidal suspensions, exhibiting good hydrophilic-
ity (Yu et al. 2019). Cellulose has been used in the
development of films with dielectric nanocompos-
ites (Zhang et al. 2023), natural rubber composites
(Noguchi et al. 2023), and composites with com-
plex geometries (Baranov et al. 2023). CNCs have
attracted considerable interest as bio-based strength-
ening nanomaterials for polymeric compounds
(Khalid et al. 2023) owing to their desirable physical
and chemical characteristics, such as their low density
(1.6-3 g/cm3) (Mujtaba et al. 2017), superior tensile
strength (7.50-8.50 GPa) (Grishkewich et al. 2017),
high crystallinity (Gong et al. 2017), high elastic
modulus (approximately 140.0 GPa) (Grishkewich
et al. 2017), and hydroxyl-rich surface (Lam et al.
2012). In an attempt to replace non-biodegradable
plastics, researchers have proposed the concept of
bio-nano compounds made of biodegradable PCL and
regenerated CNCs crosslinked with peroxide. Heat
shrinkage of the composites occurs by the irrevoca-
ble entrapment of CNCs in the 3D percolating net-
work, suggesting a potential for heat-triggered shape
memory in reacting bionanocomposites (Avella et al.
2022). Cellulose has been incorporated into various
types of additive manufacturing (AM) technologies
for 3D printing, serving as a reinforcing agent in the
form of nanofibers within the matrices. These nano-
composites have been widely used in the medical
field. For instance, in VPP 3D printing, nanocompos-
ites have been developed using biomedical-grade res-
ins (Vidakis et al. 2022a, 2023b). Additionally, cel-
lulose nanofibers (CNFs) have been combined with
other additives to impart multifunctional properties

to nanocomposites (Vidakis et al. 2022b). Similarly,
in MEX 3D printing, cellulose has been introduced
into various matrices including polycarbonate (PC)
(Vidakis et al. 2021), Polylactic Acid (PLA) (Petousis
et al. 2022), and polyamide 12 (PA12) (Vidakis et al.
2023f). CNCs are popular in AM and are primar-
ily used in biomedical applications (Du et al. 2019;
Khalid et al. 2023). They have been used in hydrogels
(Wang et al. 2018; Du et al. 2019; Ma et al. 2021;
He and Lu 2023) and inks (Hausmann et al. 2018)for
the development of scaffolds (Li et al. 2019a), often
in VPP 3D printing (Palaganas et al. 2017; Li et al.
2019b). However, their use in MEX 3D printing is
limited.

Through fourteen tests, including in-situ micro-
tensile testing, micro-computed tomography (p-CT)
for determining the 3D printing structural porosity,
and the nominal to actual dimensional accuracy of the
3D printed samples manufactured with the bio-com-
posites developed, this investigation aims to examine
in depth the effects of adding CNCs particles on the
thermomechanical and rheological characteristics of a
medical-grade PCL polymer. Both the matrix and the
filler are biocompatible and medical-grade materials.
The research objective was to mechanically upgrade
the PCL polymer to a form compatible with biop-
lotting 3D printing that can be directly exploited in
medical applications, such as scaffolds, for example,
using biocompatible materials. PCL is a soft material,
but it is still popular in biomedical applications such
as scaffolds. Therefore, improving mechanical per-
formance is advantageous and can further expand its
usability. The nanocomposites were prepared using a
thermomechanical extrusion method in the filament
form. They were then pelletized to produce the raw
nanocomposite material for the bioplotting process,
with which the samples for mechanical testing and
the remaining tests conducted within the context of
the research were manufactured.

Experiments on the manufactured specimens
were conducted according to the American Society
for Testing and Materials (ASTM) standards. The
thermal stability of the bio-compounds was exam-
ined using Thermogravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC). Energy
Dispersive Spectroscopy (EDS) and Raman spec-
troscopy were used to study the elemental and chemi-
cal structures of the grades used or developed. The
surface microstructures of various 3D bioprinted
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objects (tensile, flexural, and p-CT scan specimens)
and filaments were investigated using Atomic Force
Microscopy (AFM) and field-emission scanning elec-
tron microscopy (feSEM) to ascertain the impact of
CNCs concentration on the morphological charac-
teristics of the samples. A solid interpretation of
the reinforcing mechanisms is required. The PCL/
CNCs bio-composites with 4-weight percent loading
demonstrated a high improvement in all tests. At the
same time, this grade expressed the lowest nominal
to actual dimensional deviation, lowest porosity, and
highest melt flow-rate (MFR) index. These findings
reveal the capability of PCL/CNCs biocompounds
for 3D bioplotting by extending the range of poten-
tial biomedical applications and satisfying the need
for biodegradable and biocompatible materials with
enhanced mechanical properties. 3D bioprinting is
a method used to build other living cells, drug par-
ticles, and medical-related structures (Ozbolat et al.
2016; Kacarevi¢ et al. 2018). The bioplotting method
was used herein to 3D print parts using biocompatible
materials. These materials were tested for their per-
formance and ready for use in scaffolds and other bio-
related applications. The parts were built in a clean
room in an infrastructure ready for 3D printing of liv-
ing cells, following the same procedure.

Filament
Fabrication Melt
Extrusion and Drying

v
Filament
Shredding
to Pellets

1 Nanocomposites 2
Powders and »>
Oven Drying

4 3D Fabrication 3
Bioplotting of <
Specimens

\
6 Mechanical
Testing and
Results Evaluation

v
7 u-Computed
Tomography
Scanning Course

5 Specimens
Inspectionand
Quality Control

8 Rheology -
Thermal & Structural <
Evaluation

Materials and methods

Figure 1 demonstrates the approach followed
herein. The left part shows the steps of the proce-
dure implemented to prepare, test, and evaluate the
specimens developed in this study. Furthermore,
relevant photographs for each phase of the experi-
mental course are shown on the right side of Fig. 1.

Materials

Medical-grade PCL, produced following EN
ISO 13485 and purchased from ITV Denkendorf
Produktservice GmbH in Germany, was used in the
investigation. It is a homopolymer of PCL. PCL has
a melting point of 57.5+2.5 °C, purity >99.0%,
and an intrinsic viscosity of 1.9 to 0.3 dl/g, accord-
ing to the manufacturer’s specifications. Nano-
grafi Nanotechnology (Ankara, Turkey) supplied
CNCs in white spray-dried powder (6.0% moisture,
10-20 nm), with a decomposition temperature of
349 °C and a density of 1.49 g/cm?>. This filler was
employed to enhance the PCL matrix characteristics
and overall quality of the compounds.

Fig. 1 Flowchart of the research procedure implemented with appropriate images for each phase

@ Springer
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Filament fabrication (extrusion and drying)

Before producing the compounds, the CNCs powder
was analyzed using a specialized feSEM, the JSM/
IT700HR (Jeol Ltd/Tokyo/Japan). Figure 2 shows
the results of the Energy Dispersive X-ray Spec-
troscopy (EDS) analysis used to identify the chemi-
cal components of the CNCs. SEM micrographs
(Fig. 2B) Investigated their microstructurescture.
The nanoscale size of the particles was verified using
SEM. Their shapes are also in agreement with those
in the literature (El-hadi 2017).

Figure 2D illustrates the presence of carbon (C),
indicated by the higher peak in the EDS analysis
graph. Additionally, oxygen was found to constitute
up to 48.63% of the mass, which was expected given
that hydroxyl (OH) groups (both secondary and pri-
mary) are the major chemical groups found on cellu-
lose materials, including specific CNCs, as stated in
the manufacturer’s datasheet. Although oxygen is a
component of the hydroxyl groups (OH), which are
not specifically mentioned in the datasheet, it can be

assumed that oxygen is present in the CNCs powder
in the form of these hydroxyl groups. Furthermore,
trace levels of Na (approximately 0.63% of the mass)
and S (approximately 0.61% of the mass) were identi-
fied, which is consistent with the CNCs manufacturer,
claiming that it contains sulfate (half-ester) groups
added during the acid hydrolysis process. This indi-
cates that the CNCs powder contained both sulfur (S)
and sodium (Na). Figure 2E and F show the presence
of Na and S, respectively.

The pure materials were dried for 24 h at 50 °C
to remove any remaining moisture. Five different
material combinations, including pure PCL, were
created by varying the weight percentage (wt %) of
CNCs with concentrations of 2.0, 4.0, 6.0, and 8.0 wt
%. Hence, the PCL compounds consisted of CNCs
particles and the residual weight percentage was
pure PCL. Under ambient conditions (23 °C) and
4000 rpm, a high-wattage mixer was used for 30 min
to blend the CNCs powder with PCL. After blend-
ing, the mixtures were dried a second time. The fila-
ments were produced using a 3Devo/Composer melt

[s1 75,000x

g c 'Element Mass% Atom %
=] ‘
9 15 C 50.14+0.14 57.500.16
= e 0 48.63+0.28 41.86+0.25
S 0.63+0.02 0.38+0.01
z 101 0.61#0.01 0.260.01
g Total 100.00  100.00
s 5] | Fitting ratio 0.0118|
Na
g 9
0- V- .
0 5 keV

Fig. 2 Evaluation of CNCs A SEM micrograph at 25,000 X, B SEM micrograph at 75,000, C EDS graph and elemental analysis,
D EDS mapping of elemental sulfur, and E EDS mapping of sodium
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extrusion device (3Devo B. V/Utrecht/Netherlands)
fitted with a feedback feature to ensure diametric con-
formity. Subsequently, the filaments were pelletized
using a 3Devo/Shredder by 3devo B.V. The indus-
trial dual (cold and hot) headed 3D Bioplotter from
EnvisionTEC (Dearborn/Michigan/United —States)
was then fed with nanocomposite pellets to fabri-
cate standard samples for mechanical testing. Before
shredding, the filaments were subjected to various
tests to assess their diameters, tensile strengths, mod-
uli of elasticity, and other structural characteristics.
The results of these tests are provided in the supple-
mentary material accompanying this research study.

3D printing of the specimens (Production of

3D bio-printed samples using a 3D Bio-plotter,
samples for mechanical testing, and microcomputed
tomography).

To manufacture samples made of PCL/CNCs com-
posites, pellets from the shredded filaments were
pelletized and fed into a 3D Bio-plotter (Envision-
TEC, Michigan, United States). The nominal geom-
etry of the specimens, created in STL format using
Computer-Aided Design (CAD) software, was sliced
into layers compatible with the 3D Bioplotter using
the Perfactory RP program, each with a predeter-
mined thickness. The Visual Machines software tool
was used to configure the plotter settings, including
the speed and air pressure. The specimens were fab-
ricated according to the tensile test standard ASTM-
D638 and the flexural test standard ASTM-D790.
Additionally, p-CT scan specimens were created for
p-CT analysis. Figure 3 illustrates the set of defined
parameters utilized for the 3D bioplotting process, as
well as the full-dimensional features of the test speci-
mens. The 3D printing parameters were defined based
on preliminary tests and by consulting relevant litera-
ture (Vidakis et al. 2023c).

Raman spectroscopy

A HORIBA Scientific LabRAM HR Raman Spec-
trometer (Kyoto, Japan) was used to conduct Raman
spectroscopy. The lateral and axial resolutions of
the microscope were measured at 1.7 and 2 pm,
respectively. Three successive optical windows
were required to capture the spectrum, ranging from
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50 to 3900 cm™!. Each point had a 10 s exposure
time and five accumulations.

The system meets the following requirements:
Olympus objective lens (LMPlanFL N) with a
numerical aperture of 0.5, 50Xexaggeration, and
a 10.60 mm functioning operational distance; a
600-groove grating producing a Raman spectrum
resolution of approximately 2 cm™!; and a Neutral
Density filter regulating the laser power to 4 mW on
the samples with a 10% transmittance. For excita-
tion, the highest output power of the 532 nm solid-
state laser module was 90 mW.

TGA, DSC, and rheometric analysis

The ability of the bio-compounds to sustain their
structural integrity at elevated temperatures was
evaluated using TGA. Experiments were performed
using a PerkinElmer Diamond apparatus (Perki-
nElmer Inc., Waltham, MA, USA) in an inert nitro-
gen environment. Starting at room temperature and
increasing to 550 °C throughout the experiments,
the temperature was steadily increased by 10 °C
per minute. DSC was used to examine the thermal
response of the nanocomposites. TA-Instruments/
Discovery-Series DSC 25 (TA Instruments/Dela-
ware/United States) was used for this purpose, fea-
turing a cycle ranging from 25 to 300 °C and then
down to 25 °C with a step span of 15 °C per minute.

Two parallel plates, along with the environmental
conditions chamber to control the temperature, were
added to a DHR/20 (Discovery-Hybrid-Rotational-
Rheometer, also by TA Instruments) to evaluate the
rheological features of the nanocomposites. The
diameter of the parallel plates used in the experi-
ments was 25 mm and the geometric gap between
the plates used during the rheometry experiments
was 1 mm. To avoid overheating and failure, 10 s
of data were recorded for each measurement point.
Rotational rheometry experiments and Melt Flow
Rate (MFR) measurements were combined to assess
the flow characteristics of the biocomposites via a
hole with a predefined diameter and length under
certain pressure and temperature conditions. The
MFR measurements were performed according to
ASTM DI1238-13, the international standard for
MER testing.



Cellulose (2024) 31:3657-3680

3663

Parameters Value Units
PCL CNC content 0.0-2.0-4.0-6.0-80 %
Printing orientation +45 deg
Nozzle temperature 110 e
Layer thickness 0.5 mm
Number of perimeters 1 -

Fill density 100 %
Travel speed 7.0 mm/sec
Nozzle diameter 0.6 mm
Nozzle air pressure 740 bar
Internal head diameter P11 mm

u-CT Scan specimens

Mechanical testing specimens

<

Tensile specimen: ASTM D638 Standard, Type V

10 mm
IHP

“—Thickness 3.2 mm

<

65 mm

Flexural specimen: ASTM D790 Standard

K1-CT Scan specimens

Section AA

£
€
~
~
i
© ;
= —Thickness 3.2 mm
= < >
= 64 mm
3X@5 mm
£
E iz
0 Section BB

20 mm

A
v

Fig. 3 The 3D bioplotting parameters were used to fabricate the test specimens, as well as the ASTM specifications with the dimen-

sions of the specimens for each mechanical test

Mechanical testing of the 3D printing of the
specimens (tensile and flexural tests)

To assess the mechanical capacity of the 3D bio-
plotted materials under external stress conditions,
tests were performed according to the specific ASTM
standards. The main objective of the mechanical tests
was to document the stiffness, strength, and toughness
in the uniaxial and bending loading states. Addition-
ally, it was of interest to determine how CNCs nano-
particle loading affects the mechanical response of
the nanocomposites, along with determining the opti-
mum filler percentage. All the tests were conducted
under normal ambient conditions of 23 °C and an
average humidity of 55%. Five samples of each com-
posite grade were prepared and analyzed. An Imada/
MX?2 apparatus (Imada Inc/Northbrook/USA) with a

10.0 mm per min strain rate and ordinary grips was
used to conduct the tensile tests. Three-point bend-
ing (flexural) tests were performed using Imada MX?2
equipment with a 10.0 mm/min strain rate and a spec-
imen support span of 52.0 mm.

In situ SEM micro tensile tests

A scanning electron microscope (In Touch Scope
JSM-IT510, Jeol/Tokyo/Japan) was used to con-
duct in situ micro-tensile testing of specimens made
of pure PCL to study the failure mechanisms of the
samples. Prior to SEM examination, a sputter coater
(8C7620, Quorum Technologies Ltd., UK) was
used to prepare the specimens. A Pd disc target was
placed on the magnetron sputtering head. By regulat-
ing the vacuum chamber pressure to 6 107> mbar, a
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plasma current of 20 mA, and an argon gas pressure
of 0.5 bar, the sputtering process was carried out for
90 s.

Utilizing an in situ SEM tensile stage (MT5000,
with a 5 kN loadcell capacity, Deben Ltd. UK), the
specimens were subjected to microtensile testing.
To this end, the specimens were clamped longitudi-
nally between two jaws. The sample was kept in the
center of the field of view and subjected to a tensile
load by a microthreaded lead screw driving the jaws
coaxially in opposing directions. The travel distance
was 5.50 mm, and the strain rate was 0.50 mm/min.
Specific software was used to adjust the setup param-
eters and feed the stress/strain data into the computer.
In situ micro-tensile testing enables dynamic micro-
structural studies within the SEM, while the sam-
ples are subjected to tensile stress, offering insightful
information on material performance.

To characterize the microstructures of the lateral
and fractured surfaces of the 3D bio-printed speci-
mens fabricated for mechanical testing, they were
comprehensively analyzed using another field emis-
sion scanning electron microscope (JSM-IT700HR/
Jeol Ltd/Tokyo/Japan) in the high vacuum mode at
20.0 kV. SEM was used to capture the micrographs of
these specimens at various magnifications after they
were appropriately gold-sputtered.

Micro computed tomography (p-CT) investigations

By means of 3D Computed Tomography (CT), the
structural inspection of the 3D bio-printed samples

was accomplished. A pCT apparatus (Tomoscope
HV Compact/Werth-Messtechnik GmbH, Germany)
was used for this purpose. Micro-computed tomogra-
phy was used to quantify the quality indicators of the
3D-printed workpieces, such as porosity and dimen-
sional accuracy, to study and identify possible corre-
lations between these findings and the mechanical test
results.

Results
Raman spectroscopy analysis

Distinct Raman spectra of PCL and PCL/CNCs for
each grade are shown in Fig. 4A. Figure 4B shows
the variations that were observed as a result of the
incorporation of CNCs nanoparticles by subtracting
the measured spectrum of pure PCL from each sig-
nal of the nanocomposites. The Raman peak of pure
PCL is shown in Table 1 along with the correspond-
ing peak assignments gathered from relevant litera-
ture. Table 2 shows the associated Raman peak dif-
ferences between the PCL pure PCL and PCL/CNCs
samples, as well as their assigned values according to
the literature.

Table 3 presents the cellulose-related Raman bands
studied to examine the presence of CNCs in our sam-
ples and how they are related to the percentage weight
added to PCL. Some spectral changes were observed;
however, these changes were not significant. Spe-
cifically, we noticed a small gradual increase in the

Fig. 4 Raman spectra from =09 =0.10 i 'B|
A PCL Pure and PCL/CNCs i) L~ ———— 1108 om "
2,4,6,and 8 wt%, and B Z08| mmpcL/s.0CNC z° COCL stretching
PCL Pure, PCL/CNCs 2, § 67 ol A § 0.08 o
4,6, and 8 wt%, when PCL c £ +— 1724 el
Pure is subtracted 0.6/ M PCL/6.0 CNC 0.07 Sretching of the
0.06
05 2871 em! —
BN PCL/4.0 CNC 0.05 g&gcmmetﬁc
0.4 CH metric
0.04 stretching
0.3
I PCL/2.0 CNC 0.03 |
2922 cm1 —
021 .l AA_ 0i07 05 Zymeneic
011 mmm pcLPure A 0.01
,_,gw
0 A 0
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Table 1 Main Raman peaks of raw PCL identified and their assigned assignments

Wavenumber (cm™!) (Raman) peaks association with bonds

870 C-COO/stretching (Lin et al. 2021)

915 In-plane bending of CH, (Camerlingo et al. 2007)

1040 C—CHj; / stretching (Lin et al. 2021)

1065 C-O —C// stretching (Lin et al. 2021)

1109 C-O-C / stretching (Lin et al. 2021)

1285 C-O-C / stretching (Lin et al. 2021)

1305 Stretching of the C=0 bond (Gatin et al. 2022)

1418 C-H; / deformation (Stuart 1996)

1441 C-H; / deformation (Stuart 1996) C-H, / deformation (Zimmerer et al. 2019)

1724 Stretching of the C=0 bond (Luiz et al. 2007; Peris-Diaz et al. 2018; Gatin et al. 2022)
2870 C-H, / symmetric stretching (Makarem et al. 2019); C—H / symmetric stretching

2919 CH, / asymmetric stretching (Makarem et al. 2019)

Table 2 The main Raman

: Wavenumber Change (Raman) peaks associated with bonds

peak differences between (cm™")

the pure PCL and PCL/

CIZC; samples are ;ePlCted 1108 Small increase C-O-C/ stretching (Lin et al. 2021)

zgsi tnf;reif:"“ate 1724 Small Increase Stretching of the C=0 bond (Luiz et al. 2007;

& Peris-Diaz et al. 2018; Gatin et al. 2022)
2871 Increase C-H, / symmetric stretching (Makarem et al. 2019);
C-H / symmetric stretching (Liu et al. 2006)

2922 Increase CH, / asymmetric stretching (Makarem et al. 2019)

Table 3 Cellulose-related Raman bands

Change Type Raman shifts (cm™") Assignments

Increase Similar 2968 CH/CH, stretch modes polarized (Makarem et al. 2019)

NO 2930 CH stretching of hemicellulose (Chyliriska et al. 2014)

Increase Similar 2895 CH stretching of hemicellulose (Chyliriska et al. 2014)

Increase Similar 1470 cellulose I - > CH, bending mode (shifted to 1460 cm™
in spectra of other allomorphs) (Makarem et al. 2019)

NO 1374 - 1378 Cellulose (Makarem et al. 2019)

Increase Gradual 1313 Cellulose aliphatic OH bend vibration, strong

Increase Gradual 1121 Cellulose (Chyliriska et al. 2014)

Increase Gradual 1093 Cellulose (Chyliriska et al. 2014)

NO 971 Cellulose (Chylinska et al. 2014)

cellulose Raman bands at 1093 and 1121 cm™!, but
these were not present in the 8 wt % CNCs.

A small gradual increase was observed in the
strong band at 1313 cm~!, which appeared at
1309 cm™ in our measurements, most probably

because of the different environmental stresses
from the cell wall to our composite. The band at
1470 cm™! showed a similar increase in all samples,
except for the 4.0% CNCs. A similar increase was
observed in all samples at 2895 and 2967 cm™".
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TGA and DSC test results

The weight loss over the temperature rise is shown by
the TGA plots of the raw PCL and the studied bio-
composites (see Fig. 5A). As shown in Fig. 5A, the
inclusion of CNCs nanoparticles did not significantly
affect the capacity of the PCL material to withstand
decomposition heat. The inclusion of CNCs in the
PCL matrix shifted the temperature at which acute
weight degradation began to lower. All the nanocom-
posites began to lose weight at approximately 310 °C.

It should be mentioned that the weight loss ini-
tiation temperature threshold was far higher than the
temperature profiles used in melt filament extrusion
and bioplotting processes, as described above. The
residual weight of the TGA sample is shown in the
inset of Fig. 5A. This weight is consistent with the
filler content of the compound. Because the residual
mass increased with increasing CNCs loading in the
composites, it is safe to assume that the CNCs did not
fully decompose during TGA. According to the man-
ufacturer, the decomposition temperature of Crystal-
line Nanocellulose (acquired with TGA in N,) was
349 °C, whereas the composites started to decom-
pose at approximately 420 °C, according to the TGA
graphs produced in this study. DSC heat-flow plots
for the selected PCL material and bio-compound
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PCL/CNCs grades are shown in Fig. 5B. As can be
seen, all the material patterns were similar, and the
relaxation peaks were discernible.

Rheometric analysis

Rheological measurements are shown in Fig. 6A.
The viscosity and stress of the samples are shown on
the logarithmic axis as functions of shear rate. All
the samples showed an overall drop in viscosity as
the shear rate increased, indicating a shear-thinning,
non-Newtonian, or pseudoplastic tendency. PCL has a
moderate shear-thinning characteristic at frequencies
larger than 50 rad/s and is Newtonian over a broad
frequency range (0.1 50 rad/s) (Beaugrand and Ber-
zin 2013). All the samples displayed quasi-Newtonian
behavior at modest shear rates. This indicates that
the viscosity of the biocomposites remained largely
consistent over a range of shear speeds. Beyond this
range, the viscosity of the composites may change,
deviating from strictly Newtonian behavior. The vis-
cosities of the PCL/CNCs composites suggest that
they are non-Newtonian and shear-thinning, with
precise properties that depend on the shear rate and
CNCs content. These results offer useful informa-
tion for comprehending and modifying the flow

I

0.0
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Local <
-2.5] minimum Y
for PCL {
Pure
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=80 =40 0 40 80

Temperature (°C)
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Fig. 5 Thermal assessment of raw PCL and PCL/CNCs bio-compounds using A thermogravimetric analysis (TGA) curves and B

Heat-Flow Curves over temperature
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Fig. 6 Rheological analysis of PCL/CNCs bio-composites and pure PCL polymer: a viscosity and stress versus shear rate and b

MER versus filler load

characteristics of PCL/CNCs biocomposites for a
variety of manufacturing applications.

Figure 6B presents the MFR (in g/10.0 min) in
line with the additive weight proportion as a result
of the MFR measurements. In general, the flow rate
increased when fillers were added compared to that
of pure PCL, reaching its maximum value at an
additive loading of 4.0 wt %. Rheological measure-
ments agreed with the observation that greater load-
ings appeared to gradually reduce the flow rate of the
composite material with 8 wt % loading nanocom-
posite showing lower MFR values than the pure PCL.
The viscosity of the PCL/8.0 CNCs was lower than
that of the PCL/6.0 CNCs because the increase in the
filler percentage in the matrix promoted interactions
between the particles. Consequently, the addition of
the filler to the matrix allows slippage between the
PCL macromolecules, reducing the polymer chain
strength and, consequently, the viscosity of the modi-
fied material.

Mechanical evaluation of 3D printed specimens

To mechanically assess the performance of the 3D
Bio-printed specimens, tensile testing in line with
ASTM D638-02a was carried out. Figure 7A dis-
plays a graph illustrating the relationship between
strain (mm/mm) and tensile stress (MPa) for an
indicative specimen (out of the five tested) of each

nanocomposite material and pure PCL. The graphs
are depicted up to one strain, since after the point, no
valuable information is presented in the graph, and
the authors wanted to present the graphs with higher
resolution at the beginning of the curves.

Figure 7B shows a plot of the ultimate tensile
strength (MPa) for all materials in combination
with the filler percentage. Figure 7C shows the ten-
sile modulus of elasticity (in MPa) for each additive
percentage considered and pure PCL. The results of
the experiment demonstrated that all the specimens
with different filler concentrations exhibited superior
tensile performance compared to that of the unfilled
PCL polymer. With enhancements of 15.6% in stiff-
ness and 19.1% in tensile strength, the sample with
4.0 wt % CNCs showed the most noticeable improve-
ment. Further increase in the CNCs concentration led
to no noticeable improvement in the mechanical per-
formance. A decrease in the mechanical performance
of the nanocomposites at loadings greater than 4 wt %
is an indication that the saturation of the filler in the
matrix begins. This was further verified by the fact
that this decrease became more intense with a further
increase in the filler concentration in the matrix. The
saturation of the filler in the matrix negatively affects
the mechanical performance of composites (Mazzanti
et al. 2019).

A summary of the flexural properties of
the specimens fabricated from the PCL/CNCs
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Fig. 7 The results of the tensile testing of the 3D bio-printed
specimens: An indicative example of a 3D bio-printed speci-
men from each bio-composite material is shown in A repre-
sentative charts presenting the relationship between tensile

biocomposites and pure PCL is shown in Fig. 8. The
flexural stress—strain plots for the various 3D bio-
printed compounds are shown in Fig. 8A. Parts B
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stress and strain, B average calculated values of ultimate ten-
sile strength, and C average calculated values of the tensile
modulus of elasticity

and C of the figure show the flexural trial mean flex-
ural strength and elastic modulus, respectively. The
ASTM D790-10 standard was used to determine
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Fig. 8 Flexural test results were obtained for all specimens
created using the 3D bioprinting technology. One randomly
chosen sample from each biocomposite was used to ana-
lyze the stress—strain curves of various specimens for flexural
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of elasticity
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the average flexural strength values, which were
computed at an ultimate strain of 5% according to
standard instructions. The 4.0 wt % nanocomposite
reached a maximum flexural strength of 15.2 MPa,
indicating an increase of 12.6% compared to pure
PCL. The nanocomposites loaded with 4.0 wt %
also exhibited the highest flexural modulus of elas-
ticity, amounting to 343.1 MPa, with an increase of
18.9% above the pure PCL material.

Figure 9 provides information on the toughness
values (amount of energy the materials absorbed
during testing determined by integrating the rel-
evant stress—strain curve) (MJ/m?) for the fabricated
materials in the specimen and filament forms. By
comprehending how a material breaks, it is pos-
sible to use the toughness ratings of the materials
to acquire a safe failure strategy for several appli-
cations. As shown in Fig. 9A and B, which show
the results of specimen testing, all biocomposites
had greater flexural and tensile toughness values
than the pure PCL polymer. In particular, the PCL/
CNCs 4.0 wt % bio-composite shows a substantial
improvement of 22.0 and 25.5% in tensile and flex-
ural toughness, respectively. Additionally, Fig. 9C,
which depicts the results of filament testing, shows
that all composites exhibit improved toughness val-
ues, with the 4.0 wt % CNCs bio-composite show-
ing the highest response with a 31.6% improvement
over pure CNCs.

SEM morphological analysis of 3D bio-printed
specimens

The fractured and side surfaces of the 3D bio-
printed flexural test samples were carefully exam-
ined using SEM imaging. Two samples, pure PCL
and PCL/ CNCs 4.0 wt % are displayed in Fig. 10A,
and D, respectively magnified at 30 x. According
to the images, the connections between the layers
appeared to be flawless and void-free. It is important
to note that the samples lack uniform layer shapes.
In Fig. 10B and C, the corresponding fractured sur-
faces of the specimens inspected in Fig. 10A and B
are presented. Figure 10B, which depicts the pure
PCL specimen at 1000 X magnification, reveals a
lack of smooth surfaces and discernible microc-
racks. The marked area in Fig. 10B is presented at
a higher magnification level (5000X) in Fig. 10C.
Furthermore, Fig. 10E shows that the PCL/CNCs
4 wt % specimen at 1000 X magnification, reveals a
smoother surface with the presence of microcracks,
which are depicted in a higher magnification level
of 5000 % in Fig. 10F. This smoother fracture sur-
face indicated a more brittle failure mechanism in
the samples, at least at the microscale level. Images
of the PCL/CNCs 8 wt % are presented in Fig. 10G,
H, and I. As shown in the higher loaded samples,
which had a reduced mechanical response, the 3D
printing structure quality slightly worsened com-
pared to that of the composites with lower CNCs

0.6
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Fig. 9 Typical values and standard deviations of A tensile toughness of the samples, B flexural toughness of the samples, and C fila-

ment tensile toughness
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Fig. 10 SEM micrographs: A Lateral surface of pure PCL at
30x, B fractured surface depicting microcracks of pure PCL
at 1000 X magnification, C fractured surface of pure PCL at
5000 %, D lateral surface of PCL/CNCs 4.0 wt % at 30x, E
Fractured surface of PCL/CNCs 4.0 wt% at 1000 X magni-

content (Fig. 10G). The fracture surfaces (Fig. 10H,
I) exhibited reduced deformation, indicating more
brittle failure. Simultaneously, the number of cracks
appearing on the fracture surface was higher than
that on the fracture surface of the PCL/CNCs 4 wt
% sample, which had the highest mechanical perfor-
mance overall among the composites tested.

@ Springer

©15000% 5 um ———| 20 kV

500 pm ——|20kv  @130%

*

(615000% 5 pm ——

fication, and F Fractured surface of PCL/CNCs 4.0 wt% at
5000 x magnification, G Lateral surface of PCL/CNCs 8.0 wt
% at 30x, H Fractured surface of PCL/CNCs 8.0 wt% at
1000 x magnification, and I Fractured surface of PCL/CNCs
8.0 wt% at 5000 X magnification

In-situ SEM micro tensile testing

Figure 11 shows the in situ analyses performed
during the micro-tensile testing using SEM micro-
graphs to gain insights into the morphology and
failure of the specimens. The setup for the in situ
tensile testing using a scanning electron micro-
scope is shown in Fig. 11A. At a magnification of
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Fig. 11 A In situ micro-tensile testing setup B Surface micro-
structure of pure PCL in unloaded condition at 30X magnifi-
cation, highlighting the presence of microporosity, C surface
microstructure of pure PCL under 650 N loading at 100 X mag-

30x, Fig. 11B shows the existence of micropores,
where numerous voids can be observed when the
specimen was in an unloaded condition. Figure 11C
displays a specific region with microcracks gener-
ated owing to the applied tensile loading of 650 N
at 100 x magnification. A microcrack localized in
the rim of a pore is shown at 1000 X magnification
in Fig. 11D. With this magnification, it is possible
to examine the micropores and the region where the
microcrack first appears more closely, providing a
more thorough understanding of the crack initiation
process, which appears to start from the pores in the
structure of the sample. It should be noted that, in
this test, only the pure PCL was tested, to reveal the
mechanism and the response of the matrix material.

porosity

nification, highlighting the presence of microcracks, and D sur-
face microstructure of pure PCL at 1000 X magnification, high-
lighting micropore and microcrack initiation

Micro-computed tomography investigations

Two distinct p-CT scan specimens with nominal
dimensions were fabricated, as shown in Fig. 3. The
nominal over actual geometry comparison mod-
ule (VG Studio MAX 2.2) was used to perform the
dimensional deviation assessment in a color plot
map form derived by comparing the CT voxel and
CAD data. A comparison of the actual and nominal
dimensions for typical experimental trials is shown
in Fig. 12B and C. The color bar incorporated in the
image demonstrates dimensional deviations in the
range — 1500 pm to + 1500 pm.

Additionally, in Fig. 12A, one diagram displays
the estimated points’ final variance distribution
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Fig. 12 Assessment of the dimensional accuracy (deviation
from the nominal values) of the 3D-printed specimens based
on actual to nominal comparison with the aid of CT voxel data.
A Relative surface over-dimensional deviation and accumula-

(in %) across the absolute dimensional deviation,
whereas the other diagram presents a histogram that
reveals the relative surface of the sample over the
dimensional variation within the range of — 1000 pm
to+ 1000 pm. The same chart also shows the devia-
tion, which is related to 95% of the measured points
representing the difference between the actual and
nominal specimen geometries. The test specimen,
which contained 2.0 wt % CNCs showed a larger
concentration of low positive deviations among all
results. The specimens of 4 wt % CNCs exhibit the
minimum values of absolute deviations, as shown in
Fig. 12D.
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tive deviating points versus dimensional deviation. B and C
Geometric deviations of the two types of p-CT scan specimens
with color-coded maps. D Chart of the minimum cumulative
ABS (absolute) deviation for all fabricated bio-specimens

Moreover, employing a sophisticated software tool
(VGDefX v.2.2), the porosity assessment was carried
out using the void analysis feature of the VG Studio
MAX/2.2 software platform. This algorithm enables
the detection of material voids and visualizes them in
a color-coded plot. Quantitative data were obtained by
determining multiple variables related to the dimen-
sions, form, and position of the inbuilt voids. The
two types of 3D CT-scanned specimens are shown
in Fig. 13B and C, illustrating how the spatial disper-
sion of the voids reflects their volume, as indicated
by the corresponding color scale. The relationships
between void diameter, compactness, and sphericity
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Fig. 13 A Void sphericity and void compactness over void
diameter, B and C 3D color-coded map demonstrating the dis-
persion of voids with reference to the volume of the two types

are shown in Fig. 13A. The plot shows that most
voids have spherical shapes and are small, indicating
an elevated sphericity index. However, owing to their
lack of compactness and tendency to extend parallel
to the 3D printing strands, larger voids exhibit notice-
ably reduced sphericity. Finally, a specimen consist-
ing of 4 wt % CNCs revealed the minimum porosity,
as depicted in Fig. 13D. The pure PCL exhibited the
highest porosity.

Discussion

The current study thoroughly examined the effects of
incorporating CNCs into a PCL matrix in bio-plotting

CNC Filler Percentage (wt.%)

of p-CT scan specimens, respectively, and D chart for the min-
imum porosity of all bio-specimens examined

3D printing. The incorporation of the CNCs enhanced
the properties of the PCL matrix. Critical components
that significantly influence the mechanical strength
of composites are the interaction between the matrix
and the additive and their influence on the rheological
properties of the matrix. The incorporation of CNCs
influenced the rheological properties of PCL. As the
loading of CNCs in the nanocomposites increased,
the viscosity also increased, up to 6 wt % load. The
MFR increased to 4 wt % loaded composite.

In the Supplementary Material, Fig. A3 shows a
spider chart for each of the three most significant met-
rics examined in this study: the tensile strength, MFR,
and porosity. From the charts, the optimum response
was achieved with the biocomposite of PCL/CNCs
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4.0 wt %, displaying the maximum tensile strength,
better MFR, and minimum porosity. In particular,
the PCL/CNCs with 4 wt% percent samples showed
the highest improvement in several of the mechanical
properties assessed and showed high performance in
the remaining mechanical properties related to ten-
sile and flexural performance. The specific composite
showed minimum absolute deviations from nominal
to actual dimensional comparison, demonstrating that
the enhancement in thermomechanical properties is
directly related to the percentage of CNCs. Therefore,
it can be stated that this loading is the most effective
choice for the fabricated and tested bio compounds
within the scope of this study. Because the compos-
ite (4 wt %) had the higher mechanical performance,
the lowest porosity, and better dimensional accuracy,
this indicates a possible connection between these
qualities of the samples. The increase in the MFR is
considered to be responsible for these outcomes, par-
ticularly considering that further increasing the CNCs
loading reduces the MFR and increases the dimen-
sional deviation and porosity. The reduced mechani-
cal performance at concentrations greater than 4 wt
% CNCs loading composites can be attributed to the
additive starting to saturate on the nanocomposites.
In this case, the increased MFR could not overcome
the effect of filler saturation on the mechanical per-
formance of the nanocomposites.

The saturation threshold of the CNCs nanoparti-
cles was not assessed because it was beyond the scope
of this study. The decrease in the mechanical perfor-
mance of the 8 wt % nanocomposite can be attributed
to this effect (Mostafa et al. 2020; Tamayo-Vegas
et al. 2022). The saturation threshold is expected to
occur at a higher filler loading because, even at the
highest loading studied herein, the mechanical per-
formance, although decreased, is still higher than
that of the unfilled PCL polymer. The reinforcement
of the PCL polymer by the addition of CNCs can
be attributed to the reinforcement mechanism of the
nanoparticles, which occurs because of the chemical
interactions at the contact surface between the matrix
and the nanoparticles and the restriction of the mobil-
ity of the polymeric chains up to a specific point, as
described in the literature (Crosby and Lee 2007,
Nguyen et al. 2016; Navarro Oliva et al. 2023).

Regarding the morphological characteristics,
the fractured and lateral surfaces of the 3D bio-
printed specimen microstructures were examined to
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comprehend the crucial aspects, including the layer
thickness, fusion, interfaces between the layers, and
general 3D bioprinting process quality. According
to the SEM micrographs of the p-CT scan speci-
mens, micro-voids were found on the surface of the
3D bioprinted specimens during in situ micro-tensile
testing. Furthermore, the presence of microcracks on
the surface of the 3D bioprinted items was not exacer-
bated by the increase in filler concentration, as shown
in the SEM micrographs of the lateral and fractured
surfaces of the 3D bioprinted specimens. It is crucial
to note that the samples did not have uniform layer
morphologies and it was difficult to determine where
the layers were connected. The microcracks in the
vicinity of the pores on both the surface and internal
microstructures of the specimens seem to initialize
the failure of the sample. It should be noted that both
the matrix (PCL) and filler (CNCs) are carbon-based
materials; therefore, there is no safe way to distin-
guish the filler in the SEM images. However, carrying
out EDS would not help for the same reason. There-
fore, the dispersion of the filler in the matrix could
not be evaluated using SEM and EDS. The process
followed for the preparation of the composites and the
low deviation between similar samples in the mechan-
ical tests are indications of the good dispersion of the
filler in the matrix. The high deviation values in the
mechanical tests would suggest that the compositions
of the samples differed.

SEM micro-tensile testing was performed solely
on the pure PCL sample to understand the fracture
mechanisms and their correlation with the 3D printed
structure, specifically the inbuilt porosity. This objec-
tive was successfully achieved by examining the pure
PCL sample, which showed that failure was initiated
by the pores. Therefore, extending this type of inves-
tigation to composites is unnecessary. It can be rea-
sonably assumed that reducing the number of pores
can enhance the strength of a part. Further analysis of
the p-CT scan results demonstrated that an increase in
the surface integrity of the samples positively affected
their dimensional deviation. Notably, the sample with
better dimensional accuracy exhibited a superior
mechanical performance. This improvement can be
attributed to the enhanced symmetry in the sample
dimensions, which led to a more uniform stress distri-
bution within the 3D-printed structure.

No similar nanocomposites have been documented
in the existing literature concerning bioplotting 3D
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printing utilizing either a similar or different meth-
odology. A recent study used the same matrix mate-
rial and CNFs as reinforcement and the samples were
prepared with a similar method as the one followed
herein. No significant differences were observed in
the performance of the composites. For example, an
improvement of approximately 20% in the tensile
strength of the samples was observed (Vidakis et al.
2023c¢). Therefore, the use of CNCs or CNFs with a
PCL matrix in bioplotting depends on the applica-
tion, and the expected performance of the composite
is similar. The effect of adding cellulose to the PCL
matrix has been explored in previous studies, as men-
tioned in the relevant section of this work. In one
study, an approximately 12% increase in mechanical
properties was achieved (Aleman-Dominguez et al.
2018), whereas another study reported a reduction
in flexural strength compared to pure PCL (Lee et al.
2011; Aleman-Dominguez et al. 2019). In the context
of MEX 3D printing, incorporating cellulose into the
polycarbonate matrix resulted in an approximately
10% increase in the mechanical strength (Vidakis
et al. 2021), and a similar effect was observed for
the polylactic acid polymer (Petousis et al. 2022). In
a polyamide matrix, a much higher improvement of
24% in tensile strength was reported (Vidakis et al.
2023f). When cellulose was used as a reinforcement
in resins for VPP 3D printing, an impressive increase
of over 100% in the tensile strength was reported
(Vidakis et al. 2022a). These variations in the results
can be attributed to differences in the preparation pro-
cesses and initial states of the raw materials, particu-
larly considering that VPP 3D printing involves raw
liquid materials.

Compared to the aforementioned studies using
different processes and applications, the addition
of CNCs to the PCL matrix, following the process
presented in this research for bio-plotting 3D print-
ing, exhibited a more favorable reinforcement effect.
The PCL/CNCs compounds demonstrated greater
mechanical improvements than the PCL/cellulose
composites reported thus far, even those prepared
using different processes and intended for various
applications. Similarly, in MEX 3D printing, where
a similar thermomechanical process (extrusion) was
utilized to prepare filaments, the PCL/CNCs nano-
composites presented here displayed better mechani-
cal performance than those in the corresponding
studies on MEX 3D printing mentioned above. The

disparity in the reinforcement effect can be attrib-
uted, among other factors, to the differences in the 3D
printing processes used, including the unique charac-
teristics of bioplotting and the different raw material
grades.

The inclusion of CNCs particles in medical-grade
PCL matrices has delivered promising results for
the fabrication of biocompatible and bioabsorbable
composites. The thermomechanical properties of the
PCL-based materials were significantly enhanced as
a result of this addition. The mechanical properties
of the composites increased in terms of the tensile
strength, flexural strength, stiffness, and rheological
properties, demonstrating higher MFR values. Addi-
tionally, it has been shown that employing CNCs
as a reinforcement agent enhances the overall per-
formance of biocomposite materials because they
exhibit minimal variance between nominal and actual
dimensions and minimal porosity, opening up oppor-
tunities for additional biomedical applications where
these characteristics are desirable.

Conclusions

In this study, 3D bioprinted specimens were created
using a 3D bioprinting process, providing a robust
analysis of the reinforcement mechanisms by incor-
porating CNCs particles into a biocompatible medi-
cal-grade PCL matrix material. An industrial-scale
3D bio-plotter was used to manufacture four different
types of specimens (designed for tensile, flexural, and
in situ micro-tensile testing) made from PCL/CNCs
filaments to ascertain how CNCs as fillers affect
their thermomechanical and rheological properties,
in combination with a morphological examination
employing SEM and AFM. Fourteen different experi-
ments were performed to determine the effect of the
CNCs addition on the overall performance of the
materials. The prepared nanocomposites were fully
characterized, and the experimental findings were
analyzed and correlated to thoroughly understand the
effects and mechanisms triggered by adding CNCs
to the PCL matrix. The key findings of this study are
summarized as follows:

e All the biocomposites produced showed some
improvement in performance.
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e In this study, a biocomposite containing 4 wt
% CNCs demonstrated the most noticeable
improvement in all tests carried out in the pre-
sent research.

e It also showed enhanced MFR, suggesting supe-
rior flowability throughout the production process.

e [t exhibited lower porosity, resulting in a denser
and stiffer structure.

e It can be concluded that these properties are cor-
related and affect each other in terms of the overall
performance of the composites.

e The fabrication was exact and consistent, as evi-
denced by the minimal variation in the specified
parameters in terms of dimensional accuracy.

A biocomposite with a 4 wt % CNCs proved to be
particularly useful for a variety of applications, as it
offers increased stiffness compared to pure PCL and
contains favorable attributes such as improved flowa-
bility, reduced porosity, and dimensional precision.
By enhancing the mechanical performance of the
PCL in this way, a scaffold-ready nanocomposite is
available, capable of sustaining higher stresses than
the unfilled polymer. In future research, different bio-
compatible additives will be evaluated for their rein-
forcing effects on the PCL polymer in bioplotting.
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