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ABSTRACT: Additive manufacturing of nanocellulose (NC) materials is an emergent
technological domain that facilitates the fabrication of complex and environment-friendly
structures that mitigate greenhouse gas emissions. However, printing high concentrations
of NC into intricate structures encounters substantial challenges due to inadequate
adhesion between the printed layers attributed to a high cellulose solid content, resulting
in low shape fidelity and mechanical properties. Therefore, to address these challenges,
this paper reports lignin (LG) blending, a nanofiller, in high-content NC (>25 wt % solid
content) paste to improve the layer adhesion of three-dimensional (3D) printed
structures. The printed structures are dried in a clean room condition followed by
postcuring. The optimized lignocellulose (0.5LG-NC) paste showed high structural shape
fidelity, remarkable flexural strength, and moduli of 102.93 ± 0.96 MPa and 9.05 ± 0.07
GPa. Furthermore, the volumetric shrinkage behavior in box-like 3D printed structures
with optimized LG-NC paste shows low standard deviations, demonstrating the
repeatability of the printed structures. The study can be adapted for high-performance
engineering and biomedical applications to manufacture high mechanical strength environment-friendly structures.

1. INTRODUCTION
Three-dimensional (3D) printing, or additive manufacturing
(AM) technology, creates physical objects from 3D models,
usually layer-upon-layer patterns.1 This technology can quickly
fabricate micro-to-macro-scale freestanding 3D structures
without mold using single or multiple materials.2,3 Depending
on the materials, various AM techniques can be selected for
fabricating 3D structures, including fused deposition molding
(FDM), extrusion printing (EP), inkjet bioprinting, and
powder fusion printing.4−7 FDM and EP are the most
attractive for printing thermoplastic, thermoset, and biopol-
ymer composites among different AM techniques. In FDM,
thermoplastic filaments of polycarbonates, polylactic acid, and
acrylonitrile butadiene styrene melt at the nozzle into a
semiliquid state and are extruded in a layerwise pattern to
fabricate 3D structures.8,9 In contrast, EP techniques can print
precisely various materials, including thermosets and highly
viscous wood-derived polymers such as nanocellulose under
ambient conditions in a layerwise pattern.10

Due to the current climate change, people pay attention to
using environmentally friendly materials that mitigate green-
house gas (GHG) emissions. Wood-derived polymers have
been getting much consideration for structural, energy storage
devices and biomedical and electronic applications due to their
environment-friendly behavior, abundance, and multifunc-
tional properties.11−14 The natural components of wood
include lignin, cellulose, and hemicelluloses, which form a
hierarchical structure. These primary wood components are

accessible in large quantities in the industrial sector for various
engineering applications.15 In the pulping process, lignin is
deemed a waste component, but due to technological
advancements, it is considered a viable choice as a stiff filler
used in 3D printing for biomaterials and composites as a
reinforcement.16 Hemicellulose links cellulose fibers into
microfibrils with lignin to offer a high mechanical strength in
plants. Cellulose, a green, sustainable, and renewable copious
biopolymer on earth, is made up of repeated β-D-glucopyr-
anose units covalently bonded by acetal functionalities
between hydroxyl groups of C4 and C1 carbon atoms, offering
its high-performance features.17,18 The microfibril and
crystalline regions in cellulose are called cellulose nanofibers
(CNF) and cellulose nanocrystals (CNC). CNC and CNF are
combined, known as nanocellulose.19 Therefore, nanocellulose
materials have been the subject of extensive research as a
feedstock for 3D printing environmentally friendly materials
due to their mitigating GHG emission benefits and unique
characteristics, including high mechanical strength, optical
transparency, and low thermal expansion.
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In recent years, low viscous suspensions of CNC (6.6 vol %
relative to water) and CNF (1.3−2.6 vol % relative to water)
have already been demonstrated for 3D printing employing
extrusion-based AM for different applications.20−23 The main
challenges in printing low-concentration nanocellulose struc-
tures include collapsing and shape fidelity or retention during
printing and drying, related to the low solid content of
nanocellulose.24 However, the printed structures with a
relatively high solid NC content of 25 wt % faced challenging
issues, including bilayer adhesion, cracking between layers due
to shrinkage, shape fidelity, protruding during drying, and
repeatability.25−28 These 3D printed environmentally friendly
structures do not have enough mechanical properties as
exhibited in their bioresources. Thus, some efforts have been
made to resolve these issues. Klar et al.29 printed enzymatically
treated NC of a 25 wt % solid content to improve the adhesion
between printed layers under different drying conditions. The
results suggested that the bilayer adhesion was insufficient to
achieve high-performance NC structures, even after enzymatic
treatment. Hausmann et al.30 performed a wet densification
process on 3D printed NC structures using organic and
inorganic chemicals. After the wet densification process, the
mechanical strength in the printed structures was improved but
still not significant. Furthermore, the densification process is
not suitable for large structures. In brief, the studies presented
above proved that the concentrated NC structures could not
achieve high mechanical strength, repeatability, and high shape
fidelity without solving bilayer adhesion issues.
In this work, alkali-treated lignin was blended with the

concentrated NC (25.45 wt %) paste, which was then 3D
printed to obtain LG-NC structures. The schematic of the 3D
printing process is shown in Figure 1. The prepared
lignocellulose (LG-NC) paste is ejected through a twin-
screw extrusion machine for 3D printing. In comparison, the
pristine NC structures are also 3D printed. The 3D printed
structures are dried at a relative humidity of 45% and a
constant temperature of 25 °C. The main objectives of this
work are to achieve mechanically strong and environmentally
friendly 3D printed LG-NC structures and to investigate the
role of LG in terms of layer adhesion, mechanical strength, and
shape fidelity of the 3D printed structures.This is the first

attempt to explore the LG content effect as a nanofiller on
adhesion between 3D printed layers, shape fidelity, and
mechanical strength of the 3D printed LG-NC structures.

2. EXPERIMENTAL SECTION
2.1. Materials. The alkali-treated LG powder of a low

sulfonate content was purchased from Sigma-Aldrich, South
Korea. The CNC powder was obtained from CelluForce NCC,
Canada. The TEMPO-oxidized CNF suspension (∼2.05 wt %
relative to water) was purchased from Moorim, South Korea.
The bleached kraft pulp from hardwood was used for the CNF
isolation, consisting of 79% cellulose, 19% hemicellulose, and
small amounts of lignin and ash. The average diameter and
length of CNF are 3.5 nm and 0.55 μm, respectively.
2.2. Preparation of Lignocellulose Paste. The pure

high-content NC paste of the 25.45 wt % solid content was
made by mixing CNF with CNC in a ratio of 20:1
(CNC:CNF) using a swing planetary mixer (SPM, FDU-
2200, Tokyo Rikakikai Co., Japan) for 10 min at 1200 rpm.
Furthermore, the LG powder was well homogenized in
deionized (DI) water using a digital ultrasonic homogenizer
(SONOPLUS HD 2070.2 SET, Bandelin, Germany) for 10
min before mixing with the NC paste as a cross-linker. The
different contents of the homogenized LG filler
(CNF:CNC:LG = 20:1:0.25, 0.5, and 0.75) were mixed in
the NC using the SPM for 15 min at 1200 rpm. The
composition of all prepared pastes is shown in Table 1. The
prepared LG-NC pastes were named xLG-NC depending on
the LG content, x. They were stored in the fridge before 3D
printing.

Figure 1. Schematic of the 3D printing process of LG-NC structures.

Table 1. Composition of All Prepared LG-NC Pastes

paste composition
CNC
(g)

CNF
(g)

LG
(g)

total solid content
(g)

CNC-CNF 24.25 1.20 0 25.45
CNC-CNF-0.25LG 24.25 1.20 0.3 25.75
CNC-CNF-0.5LG 24.25 1.20 0.6 26.05
CNC-CNF-0.75LG 24.25 1.20 0.9 26.35
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2.3. 3D Printing Setup. The whole 3D printing process is
shown in Figure 1. The prepared high LG-NC paste was
injected into the twin-screw extruder (MC 15 HT, Xplore, The
Netherlands) using a high-precision syringe pump (Nexus
6000, Chemyx, USA) operating at a controlled feed rate of 1.2
mL/min. The exit of the twin-screw extruder was directly
linked to a 3D printing stage, which was further connected
with a 1.51 mm diameter nozzle fixed to the printing stage for
executing the 3D printing process. The rotational speed of the
twin-screw extruder was optimized at 150 rpm to align with a
desired printing speed of 9.37 mm/s. The commercially
accessible software “Cura” was employed to convert computer-
aided design (CAD) files into g-code files. The printing
parameters (screw speed, feeding rate, and printing speed)
were optimized for high-content LG-NC paste to ensure
extrudability and freestanding wet structures in a layerwise
pattern.
2.4. Drying Conditions. The drying conditions of the 3D

printed LG-NC structures are responsible for the adhesion
issues between the printed layers, resulting in low shape
fidelity/retention. Thus, the 3D printed LG-NC structures
were subjected to a 5 day drying period in a controlled clean
room environment at a consistent relative humidity (RH) of
45% and a temperature of 25 °C, ensuring effective moisture
removal. Following this initial drying phase, the structures were
subjected to postcuring in a vacuum oven at 140 °C for 30
min. This postcuring step will further enhance the structures’
structural and material characteristics. Optimal drying
conditions are crucial for achieving high shape fidelity in NC
structures after water evaporation, which results in volumetric
shrinkage. The 3D printed NC structures show poor shape
fidelity due to adhesion issues between the printed layers
during ambient and highly humid drying conditions.28

Therefore, we chose clean room conditions for drying to
improve the adhesion between the layers by optimizing the
lignin content in the NC paste.
2.5. Characterizations. According to ASTM D790-03, the

bending test was carried out on the 3D printed rectangular
shape specimens using a universal testing machine (TO-100-
IC, TEST ONE, South Korea) equipped with a 10 kN load
cell. After the bending test, the cross section and surface of
broken samples were observed using SEM (S4000, Hitachi,
Japan) after platinum coating with a sputtering machine
(K575X, EMITECH, England). Furthermore, Fourier trans-
form infrared (FTIR) (Cary 630, Agilent Technologies, USA)
verified the cross-linking between NC and LG in the 3D
printed LG-NC structures.
The optimized LG-NC paste (0.5LG-NC) was used to print

16 box-shaped structures with dimensions of 12.08 × 12.08 ×
9.31 mm3 to ensure repeatability and shape fidelity. Moreover,
the optimized lignocellulose paste formulation was employed
in fabricating intricate LG-NC structures, i.e., scaffolds and
flower vases, thereby affirming the adaptability and versatility
of the LG-NC paste for diverse structural applications. The
dimensions of the box-shaped structures were carefully
measured using a digital micrometer (Mitutoyo 293-801,
Japan).

3. RESULTS AND DISCUSSION
3.1. Paste Printability and Drying. The primary goal of

this research is to increase the NC solid content and
mechanical strength in 3D printed structures while avoiding
concerns with printability, layer adhesion, and shape integrity.

Therefore, we prepared a high solid content LG-NC paste
containing different LG contents and extruded it through a
twin-screw extrusion machine at room temperature, ensuring
the printability factor. The rheological properties of nano-
cellulose paste determine the printability factor for making 3D
structures.31 Low-content NC reveals shear thinning behavior,
allowing the printing of freestanding 3D structures. However,
the printability for high-concentration NC using a twin-screw
extruder depends on the continuous and homogeneous flow of
the paste without clogging and freestanding of wet structures
in a layerwise pattern. Therefore, the printing parameters of
the twin-screw extrusion machine were properly optimized,
including the feeding rate (mL/min), extrusion speed (mL/s),
twin-screw speed (rpm), and flow rate (mL/min). After the
printing parameters were optimized, the LG-NC paste was 3D
printed on a wood substrate. The wet samples were kept in a
clean room condition (45 RH% and 25 °C) for 5 days before
being postcured in a vacuum oven. Figure 2 shows photo-

graphs of the dried NC (a−c) and LG-NC (d) paste
structures. The pure NC paste structure reflects low adhesion
between the printed layers after drying because of the high
solid content of NC. The NC structure shows a low shape
fidelity after drying. However, the LG-NC structure shows a
strong adhesion between the printed layers, representing no
adhesion issues between printed layers, bulging, and cracking
compared to those of the pure NC structure. The enhanced
adhesion between the LG-NC printed layers may be associated
with improved hydrogen bonding caused by the LG content in
the NC paste. Furthermore, the 3D printed LG-NC structure
exhibits a high shape fidelity without bilayer adhesion issues.
3.2. Chemical Interactions between LG and NC. The

interactions between LG and NC functional groups are shown
in Figure 3a. FTIR confirmed the interaction between the NC
and LG after the postcuring, and the results are shown in
Figure 3b. The LG-NC structure was made with a 0.5LG-NC
paste. CNF and CNC exhibit characteristic bands at 1602 and
1647 cm−1, respectively, which belong to the bending vibration
of −OH groups. The FTIR spectrum of NC exhibits the
absorption bands at 3390, 1642, and 1110 cm−1, correspond-
ing to the stretching of the hydroxyl group, bending vibration
of −OH, and stretching vibration of −C−O, respectively.31 In
the FTIR of NC, the band of CNC at 1647 cm−1 shifted
toward the slightly lower wavenumber at 1642 cm−1, although
the band of CNF at 1602 cm−1 shifted toward the higher

Figure 2. 3D printed and dried structures with (a−c) NC and (d)
LG-NC paste.
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Figure 3. 3D printed lignocellulose: (a) chemical interactions and (b) FTIR spectra of NC, LG, and LG-NC structures.

Figure 4.Mechanical properties of 3D printed LG-NC structures: (a) stress−strain curves, (b) bar graphs exhibiting flexural strength and modulus,
and (c) strain-at-break.
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wavenumber, which indicates the hydrogen bonding between
the CNC and CNF. In the case of pure LG, the broadband in
the 3200−3500 cm−1 region is due to the −OH stretching of
aromatic and aliphatic. Peaks at 1593 and 1127 cm−1 are
related to the aromatic skeleton vibrations and the −C−O
ether group.32 However, after adding LG to the NC paste, the
band intensity of LG-NC at 3395 cm−1 slightly increased.33

Additionally, the aromatic hydroxyl band (3213 cm−1) of LG
merged due to hydrogen bonding between the −OH groups of
LG and NC (Figure 3a). Moreover, the absorption band at
1642 cm−1, corresponding to the −OH bending and −COO−
group in NC, shifted toward the slightly lower wavenumber at
1638 cm−1 due to hydrogen bonding between LG and NC.34

These changes indicate the improved hydrogen bonding
between the functional groups of NC and LG. The improved
hydrogen bonding in the optimized 0.5LG-NC structure is
responsible for strong interfacial adhesion between the printed
layers, consequently improving the mechanical strength.
3.3. Mechanical Properties. Figure 4a−c shows the

dependency of the mechanical strength behavior for the

pristine NC with increasing LG content. The stress−strain
curves of all 3D printed LG-NC structures are shown in Figure
4a. Overall, the flexural strength, modulus, and strain-at-break
of the pristine NC and LG-NC structures are represented in
Table 2. As shown in Figure 4b,c, the average flexural strength,
flexural modulus, and strain-at-break of the high-content
(25.45 wt %) NC structure are 36.26 ± 1.45 MPa, 4.04 ±
0.16 GPa, and 1.57 ± 0.07, respectively, reflecting low
adhesions between the printed layers after drying.
All LG-NC structures show higher flexural strength and

modulus, reflecting improved cross-linking between the printed
layers. The flexural strength and modulus of the 3D printed
structures increased with increasing LG content to a mixing
ratio of 0.5 and then leveled off at higher LG contents. The
0.25LG-NC structure (25.68 wt % NC solid content) shows a
flexural strength of 98.23 ± 0.92 MPa, corresponding to a
171% increase compared to the pristine NC structure. Its
modulus reaches 8.81 ± 0.26 GPa, increasing by 118%
compared to that of the pristine NC structure. The 3D printed
0.5LG-NC structure shows a flexural strength of 102.93 ± 0.96

Table 2. Mechanical Properties of 3D Printed Pure and Lignocellulose Structures

samples solid content (wt %) drying conditions postcuring temperature (30 min) flexural strength (MPa) flexural modulus (GPa)
strain-at-
break

NC 25.45 clean room 36.26 ± 1.45 4.04 ± 0.16 1.57 ± 0.07
0.25LG-NC 25.68 clean room 140 °C 98.23 ± 0.92 8.81 ± 0.26 1.19 ± 0.02
0.5LG-NC 25.90 clean room 140 °C 102.93 ± 0.96 9.05 ± 0.07 1.12 ± 0.03
0.75LG-NC 26.12 clean room 140 °C 85.98 ± 1.96 8.63 ± 1.01 0.98 ± 0.06

Figure 5. SEM images of the 3D printed 0.5LG-NC structure: (a) cross-sectional morphology of the scaffold, (b) cross-sectional morphology of the
rectangular-shaped specimen, and (c) side view of the rectangular-shaped specimen.
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MPa and a flexural modulus of 9.05 ± 0.07 GPa. It shows
similar mechanical properties to the 0.25LG-NC structure
except for strain-at-break, slightly reducing due to more LG
contents. However, the 0.75LG-NC structure shows a flexural
strength of 85.98 ± 1.96 and a flexural modulus of 8.63 ± 1.01
GPa. The strain-at-break of all structures containing LG
nanofillers decreased compared to that of the pristine NC
structure. LG contains many nonpolar hydrocarbon and
benzene groups and polar hydroxyl groups, which can improve
hydrophobicity and compatibility with NC. Furthermore, LG
is strongly cross-linked in plants via a covalent bond with NC.
Therefore, the LG content in 3D printed LG-NC structures
provides good compatibility, resulting in better interphase
between the printed layers and better mechanical strength.
Broadly, the incorporation of fillers into a polymer matrix

can yield enhancements in interfacial interactions and
mechanical attributes, which are achieved by mitigating
primary load-bearing responsibilities and the constraint of
deformations arising from external stresses. Therefore, filler
dispersibility and strong interfacial adhesion between the fillers
and the polymeric matrix are critical to improving their
mechanical properties. The mechanical properties of 3D
printed NC structures mainly depend on the interactions
between the constituents of NC paste, the aspect ratio of the
fibers, and the dispersion of fillers within the NC paste. For
adequate adhesion between the printed layers, the surface
energy of the nanofillers should be as low or lower than the
primary polymer (CNC/CNF) surface energy.35 Different
research studies have reported that the surface energy values
for pristine NC are as high as 70 mJ/m2.36 LG has a relatively
lower surface energy of 53−56 mJ/m237 than NC,38 resulting
in strong adhesion between the printed layers via more C−C
and C−H bonds.
Compared to prior studies on high NC-content (∼25 wt %)

3D printed structures, the benefits shown in the current study
using LG as a nanofiller are promising. Hausmann et al.30

described a wet densification procedure after printing high-
concentration NC structures in which the aqueous phase of the
manufactured wet structures was exchanged with an organic
liquid solution that serves as a weak solvent for the NC. After
the densification process, the flexural strength and modulus of
the structures were improved to 40 MPa and 7.9 GPa,
respectively, which are significantly lower than our proposed
results. According to Klar et al.,29 the primary challenging issue
is adhesive propensity between the printed layers at a high
consistency of NC (25 wt %). The reported results
demonstrated that the enzymatic treatment of NC is
insufficient to improve the adhesion between layers, resulting
in a low tensile strength of 17.6 MPa. Moreover, Latif et al.11

utilized citric acid in concentrated NC structures to improve
the adhesion between the printed layers to enhance shape
fidelity and mechanical properties. However, the highest
flexural strength and Young’s modulus of the esterified NC
structures (82.78 MPa and 6.97 GPa, respectively) are still
lower than the current study results. The 3D printed 0.5LG-
NC structures revealed the highest flexural strength of 102.93
± 0.96 MPa and flexural modulus of 9.05 ± 0.07 GPa. Thus,
this content is considered an optimum condition for the 3D
printing of LG-blended NC.
3.4. Scanning Electron Microscopy. Figure 5a shows the

cross-sectional morphology of the 0.5LG-NC scaffold
structure. The scaffold structure showed a strong adhesion
between the printed layers, resulting in a high structure shape

fidelity. Figure 5b shows a cross-sectional SEM image of the
0.5LG-NC structure after the flexural test. Figure 5c shows
side-view images of the 0.5LG-NC structure reflecting strong
adhesion without porosity. The printed lignocellulose layers
showed a nonporous structure with a significant adhesion
propensity in the horizontal and transverse directions. The
significant mechanical strength of the optimized 0.5LG-NC
structure is attributed to the strong adhesion between the
printed layers, confirmed by the SEM (yellow circles show the
adhesion between the 3D printed layers). The gaps/holes
between the printed layers due to the high solid content can be
seen in SEM images, which can be reduced by infusion of
polymer resin. Hausmann et al.30 infused acrylate/PUA
oligomers after wet densification of 3D printed structures to
reduce the gaps/holes between the printed layers. The
uniformity in the printed layers confirms the excellent mixing
of LG in NC without any agglomerations.
3.5. Shape Fidelity of 3D Printed Complex Structures.

The primary objective underlying the pursuit of shape fidelity
and reproducibility using the optimized paste formulation
resides in its facilitation of the design and fabrication of
engineering structures. These structures hinge on the
controlled shrinkage behavior exhibited by 3D printed LG-
NC structures after the drying process, compelled by the
evaporation of water. The shape fidelity and repeatability of the
structures were evaluated by printing 16 box-shaped structures
shown in Figure 6 with the optimized 0.5LG-NC paste and

drying under clean room and postcuring conditions. Table 3
shows the dimensions of the box-shaped structures after 3D
printing, drying, and postcuring. The 0.5LG-NC structures

Figure 6. Lignocellulose 3D printed box-shaped structures were
designed for shape fidelity.

Table 3. Dimensions of 3D Printed Box-Shaped Structures

printed sample dimensions

conditions
length
(mm)

width
(mm)

height
(mm) volume (mL)

density
(g/cm3)

printed samples 12.08 12.08 9.31 1.36
clean room
dried

10.13 ±
0.16

7.67 ±
0.34

4.37 ±
0.13

0.34 ± 0.02 1.18

after postcuring
at 140 °C

9.99 ±
0.17

7.45 ±
0.36

4.19 ±
0.16

0.31 ± 0.02 1.20
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showed a significant volume shape fidelity and repeatability by
a minor standard deviation of 0.021 before and after
postcuring.
It is clear from Figure 6 that at a high solid concentration of

NC, the LG plays an influential role as a cross-linker to
improve the adhesion propensity between the layers during the
drying stage. The samples showed 16.14, 36.50, and 53.06%
shrinkages in length, width, and height before postcuring due
to water evaporation, respectively. The observable shrinkage
phenomenon within NC structures arises from water
evaporation throughout the drying phases. However, the
primary point is that the structures kept their original shapes
even after drying, keeping a high content of NC (25.45 wt %
solid content) without any adhesion or debonding issues, as
reported in previous studies.29,30 The postcured structures at
140 °C for 30 min showed 1.38, 2.86, and 4.11% shrinkages in
length, width, and height, respectively. The density of the
postcured structures increased from 1.182 to 1.200 g/cm3 due
to minor volumetric shrinkage. Previous studies reported
debonding issues between the printed layers at high
concentrations of NC, which resulted in poor shape fidelity
compared to the original CAD design. However, LG as a
nanofiller in NC resulted in strong adhesion between the
layers, as confirmed by SEM images, which validated the high
shape fidelity of the printed structures.
Furthermore, the optimized 0.5LG-NC paste was used to

print complex structures, i.e., flower vases and biomedical
scaffolds, as shown in Figure 7a,b. After drying under

optimized clean room conditions, the 3D printed flower vase
structure and biomedical scaffold showed a substantial
adhesion between the printed lignocellulose layers. Biopol-
ymers such as NC have been demonstrated extensively as a
replacement for synthetic polymers used in tissue repair due to
their nontoxic nature.39 The biopolymer-based scaffolds are
mainly used to repair hard or soft tissues in tissue
engineering.40 Our results demonstrate an economical
approach to printing a rigid 3D scaffold, as shown in Figure
7b, with pore-free microstructures with optimized 0.5LG-NC
paste, which is a potential candidate for hard tissue engineering
applications. Further studies are needed for its biomedical
applications regarding cell viability, toxicity, antimicrobial
activity, etc. Properly adjusting the NC concentration and
cellular architecture of the printed scaffolds can open up many

possibilities for designing biocompatible cellulose-based
structures for biomedical and functional applications.

4. CONCLUSIONS
The challenging issues, including repeatability, mechanical
strength, and shape fidelity in 3D printed high-content (25.45
wt %) NC structures, were resolved effectively by incorporat-
ing LG as a nanofiller. A high solid content (25.95 wt %)
lignocellulose (LG-NC) paste was prepared and extruded
using a twin-screw extruder to 3D print, and the 3D printed
structures were dried under clean room conditions. The
0.5LG-NC structure showed better mechanical properties
(flexural strength = 101.57 ± 3.03 MPa; flexural modulus=
9.28 ± 0.46 GPa) than the pristine NC structure due to the
improved adhesion between printed layers, indicating that the
LG effectively increased the adhesion between the printed
layers. Furthermore, the 3D printed box-shaped structures
preserved the original CAD designs with small volume
shrinkage after complete drying without adhesion issues,
reflecting a high shape fidelity. Similarly, the low standard
deviations of 0.020 (overall volume) indicate structures’ high
repeatability with the optimized paste (0.5LG-NC). The
proposed facile approach to achieve high mechanical strength
and shape fidelity in 3D printed high-content NC structures
can be adapted for high-performance engineering and
biomedical applications to manufacture high mechanical
strength environment-friendly structures.
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