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Three-dimensional (3D) printing is an additive manufacturing technique with a wide range of 3D structure

fabrication and minimal waste generation. Recently, lignocellulosic biomass and its derivatives have been

used in 3D printing due to their renewable nature and sustainability. This review provides a summary of

the development of different types of biomass and its components such as cellulose and lignin in 3D

printing, brief data analysis and introduction to characterization methods of the 3D printed composites.

Mechanical properties such as tensile properties, Izod impact properties, and flexural properties, thermal

properties and morphological properties of 3D-printed composites are discussed. In addition, other

available characterization methods of 3D-printed composites are reported. The future direction of

biomass and its derivatives in the field of 3D printing is also discussed.
1. Introduction

Three-dimensional (3D) printing, also known as additive
manufacturing (AM), is a process that makes physical compo-
nents from 3Dmodel data, by building the components layer by
layer.1–3 It can fabricate self-supporting 3D objects without
molds with single or multiple materials in a short period of
time.4 Early in the 1980s, Kodama reported a method to fabri-
cate a 3D plastic model by layer-by-layer stacking with masks to
form each photosynthesized layer, which was considered as the
earliest reported 3D printing method and the prototype of
stereolithography apparatus.5 During the last few decades, 3D
printing has evolved into various types to accommodate the
printing of different species of materials. Recent advances in
computer technology have made 3D printing user-friendly.6

Versatile properties of the printed structure are available based
on the structure–processing–property relationship with diverse
materials.2 These advantages make 3D printing applicable in
many elds such as aerospace, automotive, medical, architec-
ture, and construction.

In recent decades, the demands for depleting petroleum
resources and environmental concerns have focused attention on
eco-friendly materials, including the eld of 3D printing.
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Lignocellulosic biomass is one of the most abundant raw mate-
rials on earth and under intensive focus. It is mainly composed of
cellulose, hemicellulose, and lignin, as well as a small amount of
proteins and other extractives.7 It has been utilizedwidely because
of its sustainability, non-toxicity, and biocompatibility in several
applications, such as papermaking, biofuels and biocomposite
materials. Biomass is biodegraded to small molecules8 (e.g.,
monomeric sugars, carbon dioxide, methane, water) by microor-
ganisms,9,10 which participate in the carbon cycle that is eco-
friendly compared with petroleum-based materials. This charac-
teristic of biomass also allows many biomass-derived products to
have a certain degree of biodegradability. Recent scientic and
technological progress, which helped in a broader and deeper
understanding of biomass characteristics,11–16 has enabled an
expanded utilization. The development of biomass-derived
materials using 3D printing technology as an alternative to fossil
oil-based plastics will provide an opportunity to achieve sustain-
able and renewable bioeconomy.17,18 With the increase of
demands for renewable materials and the advancement of 3D
printing technology, the use of biomass-derived materials for 3D
printing has been widely studied. As shown in the Fig. 1, the
number of patents for 3D printing using biomass and its
components revealed an increasing tendency. Among them, the
most researched is to use cellulose for 3D printing. In the past ve
years, the number of patents for 3D printing with cellulose has
reached about 5100, almost double the number before 2000. This
trend implies that the application of biomass and its components
in 3D printing has become a hot topic and cellulose for 3D
printing has been widely used.

In this review, biomass-derived 3D printing materials,
including major biomass components such as cellulose and
lignin, whole-cell wall, and other potential biomass
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Number of patents for cellulose and biomass-derived in 3D printing.
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components, are discussed. Recent 3D printing technologies
and their characterization approaches for the printing
composites are also reviewed.
2. 3D printing techniques for
biomass-derived materials

In 3D printing, target objects are built layer by layer by the
printer according to the codes that can be executed by 3D
printing soware. Noteworthily, the 3D techniques are mainly
distinguished by the way how each layer is made and attached
to its contiguous layers.4 3D printing techniques applied to
biomass-derived materials are introduced in this section.
2.1 Fused deposition modeling (FDM)

Fused deposition modeling (FDM), also named as fused lament
fabrication (FFF), is a material extrusion method to print 3D
structures.3 As shown in Fig. 2a, the prefabricated lament is
mechanically fed into a liqueer system by a pair of gears. The
feeding rate is controlled by the printing soware (e.g., Repetier).
The diameter of the lament is decided according to the default
gap between the two gears to ensure proper friction between the
gears and the lament. When the lament is continuously fed
Fig. 2 (a) Mechanism of FDM/FFF. (b) “Printing zone” defined in an FDM p
styrene, high impact polystyrene and acrylonitrile butadiene rubber wit
permission from ref. 25. Copyright 2018 Science Advances.

This journal is © The Royal Society of Chemistry 2020
into the liqueer, the subsequent cold end will push the
preceding melt end through a xed-diameter nozzle onto a pre-
heated plate or the previous layer with continuous lines. The
target pattern is then printed and accumulated on the Z-axis. FDM
is widely applied for thermoplastic polymers, such as acrylonitrile
butadiene styrene (ABS),19–21 polylactic acid (PLA),19,20,22 polyamide
(PA),23 and polycarbonate (PC).24 In recent reports, biomass was
added as additional components or reinforcements to extend the
functionality of the 3D printed products.2 The addition of
biomass components affect the polymer matrix in processing
behaviors, with respect to rheology properties and the thermal
stability. A “printing zone” was introduced to unify the important
factors such as temperature, extruding rates and the viscosity for
different materials and give proper processing conditions for the
FDM printing (Fig. 2b).25
2.2 Direct ink writing (DIW)

DIW is another extrusion-based 3D printing method.3 As pre-
sented in Fig. 3, the ink in DIW is usually extruded by a pneu-
matic pressure system through a nozzle to a platform on an X–Y
plane.26,27 Unlike FDM the lament is melted to the target state
with proper owability and then solidied by cooling, the state
of the ink in most DIW is not changed; therefore, the properties
rinting (ABS, HIPS and NBR41–HW represent acrylonitrile–butadiene–
h 41 mol% of nitrile contents, respectively). Reprinted with copyright

RSC Adv., 2020, 10, 21698–21723 | 21699
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Fig. 3 Mechanism of DIW.

Fig. 5 Mechanism of binder jetting.
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of the inks play a pivotal role in the processing. The formulation
of the ink needs a proper shear-thinning property to ensure
a low resistance in the extrusion, as well as enough yield stress
and fast elastic recovery aer the extrusion to prevent any
collapse of the printed objects.27–30 Thus the ratio of solvent,
biomass-derived materials and other components need to be
formulated and mixed carefully. To formulate the inks, the
biomass-derived materials were rst dispersed in the solvent
with other components by stirring.28 For the homogeneous
suspension of the materials in the solvent, further mixing was
performed with homogenizers,31,32 speed mixer,29,30 and/or
sonication.26,33 Prior to printing, the ink was degassed to avoid
bubbles that might be aws in the printed structures and
ensure the inks are extruded smoothly.30,34 For aqueous-based
inks, direct cryo writing (DCW), a new printing method
derived from DIW has been developed.35,36 The ink can be
printed under relatively cold conditions, thereby xing the
structures immediately. Cellulose was widely used in DIW
because of its hydrophilicity, and the resultant hydrogels have
been utilized in health-related elds.37,38
Fig. 4 Mechanism of SLA/DLP. Redrawn based on ref. 86. Copyright 20

21700 | RSC Adv., 2020, 10, 21698–21723
2.3 Stereolithography (SLA)/digital light processing (DLP)

Stereolithography (SLA) is one of the earliest developed 3D
printing techniques. The idea to form each 2D pattern of SLA is to
synthesize the photoreactive resin by UV light. Initially, in SLA
printing, the plate is immersed in a resin tank lled with curable
resins. During the printing, the distance from the plate or the
precured layer to the bottomof the tank is controllable as the layer
thickness, and the UV light rapidly scans the 2D pattern point by
point to initiate the photopolymerization of the resin at the
selected positions. Aer each layer of printing, the distance of the
plate to the bottom increases with one-layer height for the next 2D
pattern (Fig. 4). DLP runs in a similar way to that of SLA, but the
photopolymerization of each target pattern is initiated by the
projection of the same UV pattern to the target X–Y plane instead
of points scanning, as shown in Fig. 4. Therefore, the DLP process
prints faster than SLA. Recent reports showed that the biomass
materials could be utilized in SLA/DLP, which will extend their
applications in 3D printing.39–41
2.4 Binder jetting

Unlike other techniques above, binder jetting deposits the
liquid binding agents on the rawmaterials' powder to form each
layer. As shown in Fig. 5, the powder is uniformly spread on the
platform or the previous layer during the printing, and then the
19 ACS Omega.

This journal is © The Royal Society of Chemistry 2020
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binder adhesive is selectively deposited to the powder, forming
the target pattern. Aer one layer is formed, the platform drops
a layer height followed by spreading another layer of powder by
a leveling roller for the next cycle of binder deposition. This
technique has shown potential in fabricating drug delivery
tablets with cellulose-based materials.42
3. Biomass-derived 3D printing
materials
3.1 Cellulose

Cellulose, widely distributed in plant cell walls, has the highest
annual production among natural polymers and has been
intensively studied.43 Cellulose forms a plant cell wall with other
components such as hemicellulose and lignin (Fig. 6a).44

Depending on the isolation methods and feedstock sources,
cellulose has different sizes and shapes such as cellulose
nanobrils (CNF, Fig. 6b), cellulose nanocrystals (CNC, Fig. 6c),
and bacterial cellulose (BC, Fig. 6d).45

Recent cellulose-based 3D printing studies are summarized
in Table 1 with various applications regarding cellulose's
different forms. With the inherent hydrophilic property of
cellulose arosing from the abundant hydroxyl groups on its
surface, it can be well-dispersed in water as a stable suspension
in various forms. This makes cellulose a good ink candidate for
DIW 3D printing to form hydrogels for many applications. In
Fig. 6 (a) Schematic of the tree hierarchical structure illustrating the
role of cellulose. Reprinted with permission from ref. 44. Copyright
2011 Chemical Society Reviews. (b) SEM image of the CNF, scale bar 6
mm. Reprinted with permission from ref. 30. Copyright 2019 Advanced
Functional Materials. (c) TEM image of CNCs, scale bar 100 nm.
Reprinted with permission from ref. 30. Copyright 2019 Advanced
Functional Materials. (d) SEM image of BC produced by Komagataei-
bacter xylinus. Scale bar 5 mm. Reprinted with permission from ref. 46.
Copyright 2017 RSC Advances.

This journal is © The Royal Society of Chemistry 2020
the DIW 3D printing method, the cellulose-based suspension
can be printed to hydrogel structures directly, where shear-
thinning performance, sufficient yield stress to prevent
collapse, a nite elastic modulus, and fast elastic recovery are
key rheological properties.27–30 Shao et al. utilized the shear
thinning behavior of MFC suspension on hydrogel printing at
various concentrations employing DIW.28 A 2 wt% MFC
suspension was printed to a cube structure with high delity but
with high shrinkage rates aer air drying. Lignosulfonate (LS)
can signicantly prevent this shrinkage, making MFC/LS a good
candidate in DIW. CNF hydrogels can also form effective
networks that own shear-thinning properties as well as main-
tain the printed shapes due to its relatively high aspect ratio.
Kuzmenko et al. reported that DIW printed CNF hydrogels as
biocompatible matrices for neural tissue engineering in which
carbon nanotubes (CNT) were blended as the conductive
materials.47 In this report, the interaction between CNF and
CNT can be tailored using NaOH with different pH values. To
improve the interaction between cellulose bers in the hydro-
gel, Sanandiya et al. proposed fungus-like structures utilizing in
which small amounts of chitin to ll the gaps between the
cellulose bers, which provides good mechanical performance
for the printed structures.48 This method was also provided the
capability of printing large items like wind turbine blades. Li
et al. introduced 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
mediated oxidation to the surface of CNF (T-CNF) for a better
entangled CNF network.32 Furthermore, crosslinking with
polyamide–epichlorohydrin enhanced the mechanical perfor-
mance of the composite. Functional materials based on T-CNF/
CNT hydrogels was reported by Li et al. The T-CNF/CNT
hydrogels were printed directly into an ethanol solution by
a DIW method followed by an in situ solvent-exchange.49 This
method xed and densied the structure at the same time. It
resulted in excellent mechanical performance as well as yielding
a percolation network of CNTs. Cao et al. also applied the in-site
solvent change to their hydrogels made of Ti3C2 transition
metal carbides/nitrides (MXene) with T-CNF.50 With the addi-
tion of 30% of Ti3C2, the printed hybrid ber shows a tensile
strength of 136.5 � 21.5 MPa and Young's modulus of 9.3 �
2.4 GPa. The printed ber also showed responsive behaviors to
multiple external stimuli, which can be further applied as smart
textiles.

In DIW printing, CNC hydrogels require a higher concen-
tration to reach the rheology requirement (20 wt%)27,31 to print
stable structures compared to printing with CNF or MFC
(2 wt%).28 To reach the rheological requirement of the printing
as well as the structural stability of the hydrogels aer printing,
blending polymers that own thixotropy behaviors with cellulose
materials showed potential in composites fabrication in DIW.
Gutierrez et al. utilized alginate as the matrix to fabricate the
hydrogels with bacterial cellulose. The 3D printed hydrogel can
be used for antimicrobial applications when loaded with Cu2+.51

Jiang et al. reported a series of results utilizing gelatin/cellulose
systems to 3D-print hydrogels for tissue repair.37,52,53 Sultan et al.
combined sodium alginate (SA) and gelatin, as a polymer matrix
in hydrogels for DIW.54 The results showed that the addition of
CNC particles signicantly increased the viscosity of the
RSC Adv., 2020, 10, 21698–21723 | 21701
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hydrogels, and thereby the SA/gelatin/CNC hydrogels can be
printed to ne-structure grids without crosslinking. Chen et al.
synthesized a waterborne polyurethane (PU), which was com-
pounded with CNF suspensions.55 The hybrid ink could be
printed to stable grids as a scaffold for cell proliferation. The
interaction between PU nanoparticles and CNF was reported to
be the key to improve the viscosity of the ink and the structural
stability of the PU/CNF hydrogel.

To obtain high mechanical performance for cellulose
hydrogels, crosslinking is a direct method that has been widely
applied in cellulose hydrogels.56 Ions (e.g., Ca2+ in CaCl2) that
can introduce reversible crosslinking in the cellulose network
hydrogels51 and some other non-ion agents, like genipin that
can react with the hydroxyl groups on the surface of cellulose,
were studied to strengthen the network in DIW printed cellulose
products.37,52,53,57 Another promising approach for crosslinking
is to utilize modied biomass derivates as the crosslinking
agents. Markstedt et al. added tyramine-substituted xylan (XT)
in printable CNF hydrogels, and the XT can form an irreversible
crosslinked structure aer printing.26 The ion-crosslinked CNF
hydrogels were conned by the XT network, which could be
swelled and deswelled. By controlling the crosslink density of
XT, the hydrogel strength, as well as the swelling behavior, can
be adjusted, which will extend the application of the hydrogel in
the eld of 4D printing where humidity change can induce
Fig. 7 Various studies on 3D printing of cellulose and cellulose derivates.
controlled by the flow in a DIW printing (left), leading to a strong aeroge
Advanced Functional Materials. (b) DCW printing of cellulose compos
Copyright 2019 Advanced Materials Technologies. (c) Wood cell mimicki
CNC. Reprinted with permission from ref. 67. Copyright 2018Materials &
medical fields. Reprinted with permission from ref. 39. Copyright 2017 AC
unique rheology behavior on printing. Below two images showed the
permission from ref. 76. Copyright 2019 Journal of Alloys and Compo
property. Reprinted with permission from ref. 77. Copyright 2019 ACS A

21704 | RSC Adv., 2020, 10, 21698–21723
movement. Xu et al. blended UV-curable galactoglucomannan
methacrylates (GGMMAs, a hemicellulose derivative), which
own a similar repeating unit to that of CNF, with TEMPO-
oxidized CNFs for a DIW ink formulation.58 The GGMMAs
were polymerized with TEMPO-oxidized CNF by a UV post-cure
and increased the compressive Young's modulus by 10-fold
compared to that of CNF hydrogel printed samples. The resul-
tant products were all-biocompatible polymers that can be used
in tissue engineering. Modication of cellulose particles is
another approach to introduce crosslinking. Siqueira et al.
modied CNC particles into methacrylate-based (MA-based)
CNCs for its crosslinking under UV exposure with a photo-
initiation system.27 However, the modied CNC favored
a hydrophobic environment to react with some other MA
monomers. Wang et al. reported a method to synthesize
bis(acyl)phosphane oxide (BAPO-) modied CNC.34 The CNC–
BAPO can be printed with other components (poly(ethylene
glycol) methyl ether methacrylate and BAPO–ONa) in an
aqueous solution and has up to 1100% of swelling, which
showed an approach to fabricate cellulose composites with
superior swelling capacity and improvedmechanical properties.

Of the many applications, cellulose-based aerogels aer
selected drying processes of the printed hydrogels is an
important research area. The prepared aerogels showed
potential applications in value-added areas, like triboelectric
(a) The alignment of cellulose nanofibers (CNF) and nanocrystals (CNC)
l hook (right). Reprinted with permission from ref. 30. Copyright 2019
ites with other biomasses. Reprinted with permission from ref. 36.
ng structure combined FDM printing structure with UV-cured resin and
Design. (d) SLA printing of CNC reinforced structure that can be used in
S Applied Materials & Interfaces. (e) MC-assisted ceramic slurry showed
prototype (left) and the sintered counterpart (right). Reprinted with
unds. (f) CA-based oil/water separation mesh and its anti-oil-fouling
pplied Materials & Interfaces.
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nanogenerator33 and ion sensors.59 However, during the drying
process, shrinkage may cause the collapse of the structure,
which can hinder the transition from hydrogels to aerogels. To
study the inuence of different drying processes, Hakansson
et al. dried CaCl2-crosslinked CNF hydrogels by air drying,
surfactant treatment followed by air drying, solvent exchange
followed by air drying or freeze drying.60 The results showed that
the freeze drying could mostly retain the geometry while the
other air-drying methods led to signicant shrinkage. In this
report, it concluded that controlling the shrinkage can make it
possible to obtain structures with higher resolution (comparing
to the nozzle size) and mechanical performance (comparing to
the freeze-dried samples), where a higher density of the dry
mass was claimed to contribute to the higher tensile strength. A
similar conclusion was made by Hausmann et al., and the idea
of increasing the density of dry mass was applied to obtain high-
mechanical aerogels.30 For this approach, water in the printed
cellulose (CNC and TEMPO–CNF) hydrogels can be replaced
with ethanol, acetone or acetonitrile. Aer a drying process to
eliminate these non-aqueous solvents, a dense cellulose-based
aerogel was fabricated. With tailoring the orientation of the
brils by shear-inducing during the printing process, the
resultant cellulose structure showed anisotropy on the
mechanical performance with high tensile strength. A 6.1 g
hook made of the aerogel can hold a load of up to 4.5 kg
(Fig. 7a). This is also proved in Markstedt et al.'s report, that the
orientation of the anisotropic llers can signicantly impact the
tensile strength of the products.61 Jiang et al. took advantage of
the anisotropy of CNF and glass bers in swelling behaviors.62

The DIW printed self-actuating structures can respond to
different environmental stimuli to realize simple logic judge-
ments, with controlled timing of actuation in response. In
another report from Hausmann et al., the alignment of the
anisotropic particles in extrusion was studied with concentrated
CNC hydrogels.29 The polarized-light effect of CNC was utilized
to trace the alignment of CNC particles in the hydrogels by in-
site polarized light imaging within a pure shearing eld. The
results indicate that the particles will be aligned when a shear
beyond yield stress was applied. The quantitative prediction of
the rheology behavior regarding the nozzle dimensions,
printing conditions, and rheological properties for the hydro-
gels was studied and used to tune the printing behavior for
cellulose hydrogels in DIW. Recently, a new method derived
from DIW, called direct cryo writing (DCW), was developed.35,36

In this method, the hydrogels were extruded to a cooling envi-
ronment (a cool liquid, plate or chamber) to freeze the printed
structures immediately. Kam et al. utilized the DCW method to
print XG/CNC hydrogels as well as a composite consisting of
CNC, XG and wood our to a bolt and a nut (Fig. 7b).36

Due to the high crystallinity of cellulose, its particles have
been applied to improve the mechanical properties of 3D
printing applications.63–65 In FDM printed samples, the gaps
between the printed layers/lines and the interface between the
llers and the matrix can affect their mechanical performance.
Various methods have been utilized to solve these challenges
with FDM printed cellulose-based composite. Shariatnia et al.
proposed a scalable blending method by spraying the CNC
This journal is © The Royal Society of Chemistry 2020
aqueous suspensions to each of the printing layers for the gaps
of the printed layers/lines, thus the dispersed CNC cluster was
included in the printed ABS/CNC composites.66 The CNC
agglomerates were observed as “nano-stitches” in SEM images,
and the tensile performance was reported to increase with the
addition of 0.5–1.0 wt% of CNC. Feng et al. utilized CNC-
included UV-curable resins to ll in the gaps/voids in the ABS
printed patterns (Fig. 7c).67 Using the UV post-curing, the gaps
in the samples were signicantly reduced, and the elastic
modulus and hardness were improved. In terms of the interface
enhancement between cellulose particles and polymer matrix,
introducing coupling reagents to the surface of the cellulose
increased the bonding on the interface that reduces the
warpage and shrinkage aer printing.68 Other studies synthe-
sized the same polymer chains of the matrix from the surface of
cellulose particles and the printed composites with cellulose-
graed-polymers showed enhanced tensile strength.69,70 Li
et al. reported a “Pickering emulsion approach” to promote the
dispersity of TEMPO treated CNF in the PLA matrix with a slight
improvement of the mechanical performance of resultant
products.71 The mechanical properties of PLA were enhanced by
the nucleating effect of the hybrid cellulose llers.69–71 Recently,
a report on cement printing withMCC expanded the application
of cellulose in the non-polymer-based matrix to reduce its
carbon print.72

In the regards of SLA printing, photoreactive resins physi-
cally blended with cellulose particles also attracted increasing
attention.39,40,73,74 By replacing the commercial methacrylate-
based resin with a biocompatible photosensitive resin system,
the printed structure can be considered as candidates in the
medical eld. Palaganas et al. proposed an ink formulation
based on poly(ethylene glycol) diacrylate and CNC (PEGDA/
CNC) that can print complex structures with good delity,
potentially applicable in the tissue engineering and recon-
structive surgery (Fig. 7d).39 The addition of CNC in ink
improved the tensile behavior of the printed products. Li et al.
reported that the tensile strength of the products improved
from 6 MPa to 8 MPa, and their Young's modulus increased
from 52 MPa to 80 MPa with 1.0 wt% of CNC addition.40 The
compatibility of PEGDA/CNC can also be enhanced by adding
1,3-diglycerolate diacrylate (DiGlyDA). The dispersity of CNC in
a photoreactive was improved by modication of the CNC
surface.75

Cellulose derivatives having different physical and chemical
properties from cellulose were also utilized in 3D printing.
Methyl cellulose (MC) solutions at certain concentrations have
a special complex viscosity transition by increasing the
temperature. Biswas et al. blendedMC in a ceramic-based slurry
and found that the ceramic prototypes can be printed and then
solidied by increasing the temperature to >40 �C that the
sharply increased viscosity of MC can help stabilize the printed
structure (Fig. 7e).76 Hydroxypropyl cellulose (HPC), is soluble in
water and has been applied in medical applications (e.g., eye
drops).78 The thixotropy behavior of the HPC molecular chains
also gives it good printability. Arafat et al. FDM-printed tablets
with HPC as the matrix for drug delivery and the release
behavior of the target medicine (i.e., theophylline) for the
RSC Adv., 2020, 10, 21698–21723 | 21705
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tablets were studied by varying structural parameters.79

Infanger et al. also used HPC as a binder combined with 70 v/v%
ethanol solution to fabricate a 3D printed drug delivery system
with a binder jetting printer.42 Because of the high solubility of
HPC in water, the drug release time became less than 120 min
in the aforementioned systems.42,79 Yang et al. replaced the
polymer matrix from hydrophilic HPC to hydrophobic ethyl
cellulose (EC) that lead to a sustained 24 h release behavior for
the EC-based drug system.80 In this system, HPC was also
applied to adjust the release behavior for its water solubility.
Hydroxyethyl cellulose (HEC), widely used in the food and
cosmetics industry, was recently applied to fabricate function-
ally graded materials.81 The gelation process and the rheology
behavior of the HEC solution, combined with the embed
gradient information in models design, lead to DIW printing of
continuous, high-contrast, and multidirectional stiffness
gradients materials. Carboxymethyl cellulose (CMC) is another
cellulose derivate that showed good rheology properties for DIW
printing. A silver nanowhisker conductive network was formed
with the assist of the CMC solution and applied in an assembled
battery.82 Shin et al. proposed a method to combine hydrophilic
carboxymethylated CNF (CM-CNF) andmethyltrimethoxysilane-
modied CM-CNF to DIW print a cell culture platform which
showed the potential in drug delivery.83 Thibaut et al. also
introduced CMC as the main component with CNF to obtain
distortion-free structures with high resolution in DIW printing.
Cellulose acetate (CA) can be dissolved in acetone thus used to
be fabricated to gels.84 Unlike cellulose-based hydrogels, solvent
(acetone) in CA/acetone gels can be easily removed. Pattinson
and Hart took advantage of this feature to print CA/acetone gels
where acetone was evaporated soon aer DIW printing.38 The
obtainedmaterial was built with a dense cellulose structure that
showed good tensile strength (�40 MPa). Koh et al. printed
meshes with high delity by CA concentrated solutions (ethyl
acetate as the solvent) and regenerated the CA-based meshes
into cellulose-based meshes by NaOH/CH3OH treatment.77 The
Table 2 3D printing of lignin composites

Biomass species Printing methods Highest con

Lignin from spruce FDM 40 wt%
Sowood kra lignin 3 wt%
Lignin (from Pinus radiata wood
chips)

50 wt%

Lignin 20 wt%
Kra lignin, beech organosolv
lignin and beech lignosulfonate

15 wt%

Organosolv hardwood lignin 40 wt%
Sowood kra lignin; organosolv
hardwood lignin

60 wt%

Sowood kra lignin SLA 1 wt%
Organosolv lignin 3 wt%

Lignin modied by MA 15 wt%

21706 | RSC Adv., 2020, 10, 21698–21723
resultant meshes showed a greater than 95% separation effi-
ciency for water/oil mixture with high ux and anti-oil fouling/
self-cleaning ability. This performance was attributed to the
abundant hydrogen bonds on the cellulose that form hydration
layer/shell, which can prevent oil penetration through the
meshes (Fig. 7f).
3.2 Lignin

Lignin, the second most abundant terrestrial biopolymer aer
cellulose, has been under-utilized and, to date, is mostly used
for direct combustion.85 Therefore, the valorization of lignin has
drawn great attention in the current biorenery process. Given
that lignin contributes to the hydrophobicity, antimicrobial,
and antioxidant activities of the plant cell wall, it can be
a reinforcing agent in 3D printing composites. The application
of lignin in 3D printing is summarized in Table 2 and recent
applications of lignin were mostly focused on mechanical
reinforcement in composites. Though these studies for 3D
printing of lignin are still at an early stage for further applica-
tion, the versatile properties of lignin including antiaging,
ame retardant, and UV absorption86 can provide various
potential functions to the printed products. Spruce lignin was
extracted by Tanase-Opedal et al. and applied in FDM 3D
printing with polylactide (PLA) at different printing tempera-
tures from 205 �C to 230 �C.87 The stronger layer bonding of the
printed composite with lignin resulted in competitive tensile
performance. In addition, antioxidant properties were signi-
cantly improved by adding lignin. Dominguez-Robles et al. re-
ported that lignin improved the antioxidant capability for an
FDM printed PLA/lignin/tetracycline drug delivery material.88

Vaidya et al. also reported the feasibility of lignin in FDM with
PHB.89 The composite showed weaker shear-thinning and less
shrinkage/thermal contraction with lignin loading, thereby
easing the warpage of the printed samples. Liu et al. observed
enhanced tensile strength from FDM printed materials with
15% of lignin addition to PLA compared to that of pure PLA and
tents of the biomass Other materials Ref.

PLA 87
PLA (matrix), TC (medicine) 88
PHB 89

PLA 90
PLA 91

ABS, NBR41, carbon ber 92
ABS, NBR41, Nylon 12, carbon
ber

93

Commercial methacrylate resin 86
Polyurethane acrylate/
morpholine/tripropylene glycol
diacrylate

95

Ethoxylated pentaerythritol
tetraacrylate/aliphatic urethane
acrylate/urethane acrylate

41

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Studies on lignin 3D printing. (a) FDM printing process of lignin-included composite that owns the highest reported lignin contents
(60 wt%) and the printed oak leaf. Reprinted with permission from ref. 93 Copyright 2018 Science Advances. (b) SLA printing of lignin-included
resin that showed an improvement of the tensile strength. Reprinted with permission from ref. 86. https://pubs.acs.org/doi/abs/10.1021/
acsomega.9b02455, Copyright 2019 ACS Omega. Further permissions related to the material excerpted should be directed to the ACS. (c)
Modified lignin in SLA printing can be printed with the highest concentration of 15 wt%. Reprinted with permission from ref. 41. Copyright 2018
ACS Applied Materials & Interfaces. Further permissions related to the material excerpted should be directed to the ACS.
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other PLA/biomass composites.90 Mimini et al. investigated the
chemical structures, thermal properties, printability with FDM,
and physical properties of PLA-based composites blended
respectively with pine kra lignin, beech organosolv lignin, and
beech LS.91 All the three materials had slightly lower thermal
stability and impact strength when those lignin contents
increased (up to 15 wt%). Nguyen et al. considered that the poor
mechanical behavior of FDM printed composites was due to
poor adhesion between layers.92 Thus, they proposed a method
to improve the mechanical behaviors for lignin-based
composites by introducing a component (acrylonitrile buta-
diene rubber 41, NBR41) that can form hydrogen bonds
between the polymer (acrylonitrile–butadiene–styrene, ABS)
and lignin in the composites. The ABS/NBR41/lignin (5 : 1 : 4)
printed sample showed almost twice the tensile strength and
the elongation at break compared to that of ABS/lignin (6 : 4),
implying that NBR41 played a vital role in the mechanical
performance. To further improve the mechanical performance
of the ABS/NBR41/lignin (5 : 1 : 4), 10 wt% of carbon bers were
This journal is © The Royal Society of Chemistry 2020
added to the printed sample, and the composite showed higher
tensile strength and Young's modulus than that of pristine ABS.
For a deeper understanding of the structure–processing–prop-
erty relationship of lignin-based FDM printing composite,
Nguyen et al. studied the correlations between chemical struc-
tures and rheological behaviors of kra sowood (SW) and
organosolv hardwood (HW) lignin.93 The results showed kra
SW lignin exhibited higher complex viscosity which was
attributed to the steric hindrance from the molecular structure
than that of organosolv HW lignin. HW lignin was mixed with
different polymer (Nylon 12 and ABS, with NBR41) with the
presence of carbon bers and up to 60 wt% of lignin can be
added in the composite (Fig. 8a) with good mechanical
performances.

Zhang et al. reported that a small amount of lignin (0.2 wt%)
enhanced the tensile properties of the printed kra SW lignin/
polymethacrylate composites, extending the application of
lignin in SLA as a reinforcement agent (Fig. 8b).86 However, the
UV-absorbance of lignin94 hindered the UV-initiated
RSC Adv., 2020, 10, 21698–21723 | 21707
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Table 3 3D printing of wood composites

Species
Printing
methods Size of the biomass Contents Other materials Ref.

Wood chips/sawdust LDM 0.8–2 mm Gypsum, methyl cellulose,
sodium silicate and
different types of cement

96

Air-dry sawdust from beech
and methylcellulose (MC)

�90 wt% wood MC (as binder and
lubrication)

97

Beech wood powder <0.237 mm 13 wt%–25 wt% PVAc and urea-
formaldehyde

98

Wood our (poplar) FDM Sieve into 140–160
mesh

30 wt% Three types of plasticizer 112

Wood-lled PLA 30 wt% PLA 108
Wood bre-lled PLA 40 wt% PLA 111
Wood our 14 wt% PLA 113
Beech wood 10, 20, 30, 40, 50 wt% PLA 102
Beech wood 10, 20, 30, 40, 50 wt% ABS and PLA 99
Beech wood 10, 20, 30, 40, 50 wt% PLA 100
Recycled pine wood 30 wt% PLA/PHA 107
Wood-lled PLA 30 wt% PLA 109
Wood our 30 wt% PLA 101
Wood-lled lament
(commercial)

30–40 wt% PLA 110

Pine powder, bleach pulp,
mechanical pulp,
newspaper pulp,
eucalyptus powder

4, 6, 10, 15, 20 wt% PLA 90

Wastepaper, cardboard,
wood our

<20 wt% Recycled polypropylene,
commercial PP

63

Wood 40 wt% PLA, ceramic, metal,
carbon ber

114

Recycled wood ber 15 wt% PHA and PLA 103
Commercial wood lament Polymer resin 104
Wood-lled PLA 30 wt% PLA 105
Wood 5 wt% PLA 106
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photopolymerization, thus the composite could not be printed
with more than 1 wt% loading of lignin. Ibrahim et al. used up
to 3 wt% of organosolv lignin (from oil palm empty fruit
bunches bers) in a commercial photocurable resin (poly-
urethane acrylate/morpholine/tripropylene glycol diacrylate).95

The highest tensile performance (tensile strength and Young's
modulus) was obtained with a relatively low lignin content of
0.6 wt%, and the lowest was with 3 wt% lignin. To obtain a high
lignin loading composite with modest mechanical properties,
Sutton et al. modied organosolv lignin (isolated from Populus
trichocarpa and Populus deltoides) into a UV-curable reactant
with methacrylic anhydride.41 Up to 15 wt% of the modied
lignin was loaded in the methacrylate-based resin and was
successfully printed by SLA. Though the Young's modulus of the
printed sample decreased, the ultra-tensile strength and the
elongation at break increased as the modied lignin was added
(Fig. 8c).
3.3 Whole biomass

Unlike cellulose and lignin, whole biomass has been utilized as
a feedstock by simple size revision without complex physical
and chemical processes. For example, “mud–straw walls” have
21708 | RSC Adv., 2020, 10, 21698–21723
been widely used as a building material. A similar idea can be
applied in terms of whole biomass 3D printing. Among many
3D printing biomass species, wood has been one of the most
popular biomasses in 3D printing applications (Table 3). Wood
was rst introduced by Henke and Treml into Liquid Deposition
Modeling (LDM) to fabricate the composite.96 With wood chips/
sawdust as the matrix and other materials as binders, printed
samples can be used as non-structural materials. Rosenthal
et al. proposed an air-dry sawdust/methylcellulose/water
system, which can be printed with LDM using an 8 mm
nozzle.97 A nozzle with a smaller diameter was expected to
increase the resolution of the LDM printed samples. The reso-
lution for this method can be further increased by applying
a 3 mm nozzle diameter, reported by Kariz et al., with polyvinyl
acetate (PVAc) or urea-formaldehyde (UF) as the binder in the
LDM materials system.98 The average bending strength and
modulus of the elasticity were compared with PVAc- and UF-
based composites, and UF favored the mechanical
performance.

Nowadays, FDM 3D printing is being actively investigated in
many wood composite applications. The properties of the
resultant products can be affected by various factors. As a ller,
wood particles affect the rheology and mechanical performance
This journal is © The Royal Society of Chemistry 2020
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according to Kariz et al.'s report.99 They found that the trend of
storage modulus in PLA/wood composites changed before and
aer the testing temperature reached the glass transition
temperature of the PLA matrix. The tensile strength of beech
wood/PLA composites by FDM increased with up to 10 wt% of
biomass loading, while it decreased beyond this concentration.
Ayrilmis et al. reported that as the beechwood content was
increased, the surface roughness and the water contact angle of
the composites increased.100 The ascending water contact angle
implied the decreasing wettability as more wood was incorpo-
rated in the composites.

Given that wood materials consist of various hydrophilic
materials, the water/moisture sensitivity of the wood/PLA
composites was also a factor that will affect the nal proper-
ties. Ecker et al. immersed the PLA/wood our composites in
water for 7 days and then tested the impact strength.101 The
“soening effect” by water that caused a strong reduction of the
mechanical performance of the immersed composites for both
PLA and PLA/wood composites, and the soening effect had
a stronger inuence on the 3D printed samples with higher
wood contents. Kariz et al. placed the wood/PLA composites in
three climates with various relative humidity (RH, 33%, 65%,
and 87%) for several days.102 The results indicated that the wood
contents dominated the mechanical behaviors, while the
moisture variation did not signicantly affect the performance.
The water/moisture sensitivity of wood in its composites was
utilized by Le Duigou et al.103 The wood ber oriented in the
FDM samples was swelled by water absorption, thereby causing
the anisotropic strain of the printed sample. The moisture-
driven strain can be a promising property in the moisture-
actuation system. Similarly, Correa et al. developed a method
for programable hygroscopic wood material.104 These reports
utilized the anisotropy as well as the hydrophily of wood in
smart materials by mimicking the behaviors of plants. Wood/
PLA composites were also used as the matrix on the applica-
tion of antenna105 and articial hygromorphs.106

Besides the wood contents, other factors can also affect the
properties of resultant FDM printed materials. The setting of
printing parameters played important roles in FDM printing.
Various printing temperature (210–250 �C) was used by Gues-
sasma et al. to print polymer (PLA and PHA)/recycled pine
wood.107 To balance the mechanical performance and the
thermal stability of wood contents, 220 �C was shown to be
preferred temperature in the printing process. Layer thickness
in FDM was also an important parameter. Ayrilmis reported
that a thicker layer increased the surface roughness and water
contact angles and also brought bigger gaps in the printed
samples, resulting in lower tensile performance and higher
water absorption capacity.108,109 Vigneshwaran et al. studied the
inuence of layer thickness with inll density and pattern in
FDM printing to evaluate the mechanical performance of the
PLA/wood composites.110 Dong et al. compared the mechanical
performance under various conditions (inll density, layer
thickness and the number of shells and their combinations)
and reported that the number of shells in an FDM printing of
wood-lled PLA laments dominated the mechanical perfor-
mance.111 Other factors like the addition of plasticizer112 and UV
21710 | RSC Adv., 2020, 10, 21698–21723
posttreatment113 had inuences in nal properties. Some other
biomass-derived materials were also utilized in FDM and
compared with wood. Zander et al. reported the mixing of
polypropylene (commercial PP and recycled PP) and waste-
paper, cardboard, and wood our, respectively, by solid-state
shear pulverization (SSSP) and then printed by FDM.63 The
tensile strength results showed that the composites had lower
tensile strength compared to that of the pure PP. Liu et al.
compared to the lling of wood, carbon ber, ceramic,
aluminum, and copper in FDM PLA composites.114 The
mechanical performance was lower with the loading of wood
and carbon ber and higher with loading inorganic llers.

Table 4 summarizes the 3D printing with other biomass-
derived materials. Starch, another type of glucose polymer
linked through a-1,4- and a-1,6-glycosidic bonds, is an impor-
tant component in the human diet.115 The desire for personal-
ized food fabrication drove the research on the 3D printing of
starch.116–118 An et al. tried to combine potato starch with Nostoc
sphaeroides in 3D food printing.117 The rheological behaviors of
the mixture were characterized by various blend ratios and
processing conditions in detail. Liu et al. reported a method to
adjust the rheological behaviors of mashed potatoes by potato
starch for the 3D food printing.119 To understand the inuence
of the origins of starch on 3D food printing, Zheng et al. studied
the difference of corn, potato and wheat starch in the same food
printing process in 20 wt% starch hydrogels.120 Wheat starch
samples showed the least shrinkages, which own the best
delity of the nal products. For food applications, starch was
blended with materials from diverse food resources in 3D food
printing. Lille et al. optimized mixing ratio and processing
conditions for healthy and customized food products with
starch, milk powder, cellulose nanober, rye bran, oat protein
concentrate, and faba bean protein.121 The pharmaceutical
industry is also interested in starch 3D printing for individual-
ized medicine products. Binder jetting printing was utilized for
a starch-based drug delivery system, and the obtained drug
meet the requirement of the mechanical and disintegration
properties.122

Apart from applications in edible products, starch is also
widely used in other elds in terms of additive manufacturing.
Yang et al. used a bi-nozzle extrusion system to print the starch
slurry with ceramic slurry in which the starch slurry acted as the
supporting material.123 In the post sintering process, a complex
ceramic structure was obtained, while the starch slurry was
thermally decomposed into gases. As a renewable polymer, starch
was also researched for replacing petrol-based materials in FDM.
To improve the compatibility of starch and petrol-based polymer,
Kuo et al. blended debranched starch with ABS with SMA (com-
patibilizer) and MBS (plasticizer).124 The so-called thermal plastic
starch (TPS) was successfully printed by FDM with ABS and TiO2,
and carbon black can be used to change the color, which can
extend the application of the printed products. Paggi et al.
fabricated a lament based on starch and CA with a weight ratio
of 50 : 50, and the physical properties (porosity and mechanical
properties) were optimized by varying the processing tempera-
ture and extrusion rates.125 Recently, some other biomass such as
Spirulina platensis and Tetraselmis suecica, which were acquired
This journal is © The Royal Society of Chemistry 2020
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Table 5 Mechanical properties of biomass-derived 3D printed products

Materials
Young's
modulus (MPa)

Tensile strength
(MPa)

Tensile
elongation (%) Ref.

PLA + sowood lignin (20–40%) 1746–2843 27–46 1.5–2.0 87
Photo-curable polyurethane + organosolv lignin
(0.2–3.0%)

4–12 8–25 — 95

Photo-curable polyurethane + organosolv lignin/
graphene (0.2–3.0%)

4.5–13 8–28 —

Tetra-acrylate oligomer (33–38%) + aliphatic
urethane acrylate (33–38%) + monofunctional
urethane acrylate (16–19%) + hardwood lignin (5–
15%)

3500–6600 — — 41

Alkali-treated bamboo ber (ABF)/polypropylene
(PP)/PLA

— 21–38 10.6–14.2 136

Thermoplastic polyurethane elastomer (TPU)/wood
our (80 : 20 wt%) mixture + EPDM-g-MAH (0–10%)

— 13–17 205.2–591.2 137

Poly(L-lactic acid) + lignin (10–40%) 1275–1888 23–47 2.2–3.3 138
Methacrylate (MA) + lignin-coated cellulose
nanocrystals (L-CNC)

610–1230 32–69 2.1–11.0 74

Thermoplastic starches (TPS)/acrylonitrile–
butadiene–styrene (ABS) (30 : 70 wt%) mixture +
styrene maleic anhydride (0–1%) + methyl-
methacrylate butadiene styrene (0–2%) + TiO2 (0–
5%) + carbon black (0–5%)

— 34–49 — 124

PLA + bamboo ber (20%) — 51 2.2 139
PLA + alkali-treated bamboo ber (10–30%) — 57–66 6.0–8.5
PLA + lignin (5–15%) 2280–2470 40–52 1.5–2.9 140
PLA + cellulose nanobrils (10–50%) 3000–9500 50–105 0.5–5.8 64
Cellulose acetate (CA) 2000–2400 42–47 — 38
Nylon 12/hot water lignin (60 : 40 wt%) mixture +
carbon bers (0–16%)

2000–7500 40–100 — 93
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from wastewater treatment plants, were also applied in 3D
printing.126 The addition of the microalgal biomass wastes eased
the extrusion process by decrease the yield stress in an LDM
process, which also expanded the possible applications for
biomass 3D printing.

4. Characterization methods for
biomass-derived 3D printed products

The application of biomass as a feedstock of 3D printing can
contribute to carbon-neutrality by replacing the current
petroleum-based materials. As discussed in the previous
sections, characteristics of 3D printed products can be inu-
enced by the composition of resins, the properties of biomass
feedstock and commercial resins, processing methods and
others. Proper evaluation of these characteristics and under-
standing of the correlations of these properties with feedstock
and processing factors are crucial to make competitive and
commercially feasible 3D printed products. This section will
introduce important mechanical, thermal, and other properties
of 3D printed products with possible analysis methods and
examples from previous studies.

4.1 Mechanical properties

Mechanical properties are basic and essential information of
most material products. These characteristics including tensile,
This journal is © The Royal Society of Chemistry 2020
Izod impact resistance, and exural properties have been used
to evaluate the performance of biomass-derived 3D printed
products. Especially in regards to the alternation of commercial
plastic resins with biomass-derived materials, signicant
changes in mechanical properties have been re-
ported.64,93,124,128,129 Recent advancements in biomass modica-
tion and printing techniques allow for the enhancement of
those performances.2,130 Depending on the substrates and
printing technologies, the mechanical properties of the prod-
ucts vary, affecting the application scopes. In the following
context, the denitions of these mechanical properties, their
analytical methods, and data interpretation with biomass-
derived 3D printed products in the previous studies are
summarized.

4.1.1 Tensile properties. The tensile properties such as
Young's modulus, ultimate tensile strength, yield stress, elon-
gation at break are typically measured by Universal Testing
Machine.131–133 Young's modulus (E), also known as tensile
modulus, describes the deformation-stiffness resistance of the
material. According to Hooke's law which is the law of elasticity,
when the material behaves elastic and within the elastic limit of
the material, the stress becomes proportional to the strain,
expressed as eqn (1),134 Young's modulus is the slope of the
linear relationship of the elastic region.134

E ¼ s

3
(1)
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where E is the Young's modulus, MPa; s is the stress, MPa; 3 is
the strain, % or unitless.

Stress is dened as the ratio of applied force to cross-
sectional area and expressed as:

s ¼ F

A
(2)

where s is the stress, MPa; F is the applied force, N; A is the
cross-sectional area, mm2

Strain is dened as the ratio of length variation to original
length:

3 ¼ Dl

lo
(3)

where 3 is the strain, % or unitless; Dl is the length variation,
mm; lo is the initial length, mm.

Several properties such as tensile strength and tensile elon-
gation have been used to analyze the mechanical properties of
the printed products. Tensile strength, also known as ultimate
tensile strength or ultimate strength, is the maximum stress of
the specimen before breaking/failure.135 Similarly, tensile
elongation, also termed as tensile elongation at break and
fracture stain, is the ratio of the tensile length to the original
length at the breakage of the specimen.

Table 5 presents the tensile properties of biomass-derived 3D
printed products in previous studies. Young's modulus, tensile
strength and tensile elongation of 3D printed products
composed of commercial plastics and several types of
lignins41,87,93,138,140 (sowood lignin,87 hardwood lignin,41 hydro-
thermally extracted lignin,93 kra lignin140) with different weight
fractions (0.2–40%) have been tested. Depending on the fraction
of lignin and/or type of bio-materials, the values of Young's
modulus (375–6600 MPa) and tensile strength (23–52 MPa)
varied in previous studies. A few studies reported tensile elon-
gation in a range of 1.5–3.3% with different lignin fractions.
Nguyen et al. printed blends of Nylon 12 and organosolv hard-
wood (HW) lignin (60 : 40 wt%) with additional 4–16% carbon
bers through the FDM method.93 They found that with the
increase of carbon bers, Young's modulus increased dramat-
ically to �7500 MPa compared to �1770 MPa for pristine Nylon
12. They concluded that the addition of 4 to 16 wt% of carbon
bers enhanced mechanical stiffness and printing speed.

The mechanical properties of the printed products with
different types of cellulose such as cellulose nanobrils64 and
cellulose acetate38 were also reported as presented in Table 5.
Up to 9500 MPa of Young's modulus, 100 MPa of tensile
strength, 0.5–5.8% of tensile elongation was observed. Instead
of using the cellulose blended with plastic resin,64 Pattinson
and Hart used cellulose acetate (CA) powder as a single
component in a DIW printing, and their Young's modulus (E)
and strength (s) were 2.2 � 0.1 GPa and 45.0 � 1.9 MPa for
extrusion-parallel-load and 2.2� 0.2 GPa and 44.7� 2.2MPa for
extrusion perpendicular-load, respectively, indicating no
anisotropy in mechanical properties.38

The mechanical characteristics of 3D printed products with
whole biomass (e.g., wood our, bamboo ber) were investi-
gated.136,137,139 The tensile strength was changed when bamboo
21712 | RSC Adv., 2020, 10, 21698–21723
bers were printed with PLA and polypropylene (PP)/PLA.136,139

Also, it was reported that a signicant improvement for the
elongation at break was observed from this type of the printed
products.137 Bi et al. reported that a thermoplastic polyurethane
elastomer (TPU)/wood our composite showed signicant
improvement of the elongation at break from 205.26% to
591.17% by adding 4 wt% of ethyl-
ene-propylene-diene-monomer graed maleic anhydride
(EPDM-g-MAH) with wood our.137 They discussed that the
increase of elongation at break was possibly due to the esteri-
cation between EPDM-g-MAH and wood our, which provided
high interfacial adhesion. In addition, the physical crosslinking
of TPU and EPDM can also promote the interface interaction of
the composite, which also improves the tensile properties. Long
et al. reported that the tensile strength and tensile elongation of
alkali-treated bamboo ber (ABF)/polypropylene (PP)/PLA
composites through different methods were 33.730 MPa and
10.80% by injection molding and 21.832 MPa and 14.20% by
FDM printing, respectively, with various blending ratios.136 The
tensile strength and tensile elongation of silane coupling agent
treated bamboo ber/PP/PLA composites by injection molding
and FDM printing were 37.014 MPa and 28.100 MPa, 10.66%
and 11.80%, respectively. For the same composite, products
obtained by injection molding show better tensile strength than
that obtained by FDM processes while the products from FDM
methods have a higher elongation at break.

The Young's modulus, tensile strength, and tensile elonga-
tion of commercial resins blended with biomass-derived
mixture74,95 through 3D printing have also been tested. Ibrahim
et al. reported the Young's modulus (4.5–13 MPa) and tensile
strength (8–28 MPa) of photo-curable PU blended with 0.2% to
3.0% organosolv lignin/graphene through SLA and concluded
that photo-curable PU-0.6% lignin/graphene had high tensile
strength and resistance to deformation.95

4.1.2 Other mechanical properties. Izod impact resistance
and exural properties have also been measured for some 3D
printed products.91,124,136,139 The Izod impact resistance can be
measured on an Izod141,142 or Charpy143,144 impact test machine
for the toughness of a material. For the impact testing,
a notched sample is subjected to an impact, and the impact
strength, which represents the absorbed energy per unit area, is
measured. Flexural properties can be obtained from the
bending test.91,124,129,136,139 Flexural modulus, also known as the
elasticity bending modulus, is the ratio of stress to strain in the
elastic limit. Flexural strength is the maximum exural stress in
a bending test.145 The bending test is carried out by xing the
specimen on the support from both ends and pressed by
applied force until the specimen break/failure. These properties
can be tested by crosshead position indicator or deection
indicator.145

Long et al. tested the exural strength (4000–6250 MPa),
exural modulus (87.5–97.5 MPa) and impact strength (2.40–
3.60 kJ m�2) of untreated bamboo ber (BF)/PLA composites
and 10–30% alkali-treated bamboo ber (ABF)/PLA compos-
ites.139 With the increase of ABF content, the exural strength of
composite material rst increased and then decreased. They
believed that the increase in strength of the composite was due
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 TGA plots of lignin, PLA and PLA/lignin biocomposites. Reprinted with permission from ref. 87. Copyright 2019 Materials.
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to the increase in crystallinity of thematerial, while the decrease
in mechanical properties with the increase in ABF content was
due to the poor interface compatibility and poor interface
adhesion caused by excessive ABF. The impact strength of the
composites increased aer adding ABF but decreased when the
content of ABF exceeded 10%. The reason is that excessive ABF
can form noteworthy agglomeration readily, resulting in poor
dispersion and poor interface adhesion, which reduces the
impact energy absorption of the material. Mimini et al. tested
the exural strength and impact strength of PLA with different
kinds (kra lignin, organosolv lignin, and LS) and contents of
the lignins.91 They found that various concentrations of
different types of lignin did not improve the exural strength of
Fig. 10 (a) DSC thermographs of PLA/lignin bulk composites. (b) DSC th
ization of the glass transition of the sample containing 5 wt% lignin: extrap
the normalized heat capacity during the transition (DCp), initial (Tgi

) and fi

from ref. 140. Copyright 2017 Manufacturing Review.

This journal is © The Royal Society of Chemistry 2020
PLA. In addition, the impact strength of PLA/lignin composites
was reduced due to the introduction of aws such as voids and
air pockets in the composites.

In general, mechanical property testing can be different
depending on materials (plastics,133,146,147 vulcanized rubber,148

thermoplastic elastomers,148 polymer matrix composite149,150)
and shapes of products (e.g., thin plastic sheeting150,151). For
instance, measurement method of tensile test and formula for
calculating tensile parameters are determined by these factors.
Similarly, impact resistance142,152–155 and exural properties145,156

have different standards depending on the types of testing
materials. Biomass-derived 3D printed products are typically
formed with biomass and other materials such as plastic. Due
ermograph of the sample with 5 wt% lignin. Quantities for character-
olated onset temperature (Tge

), half-step temperature (Tg1/2
), change of

nal (Tgf
) temperatures of the glass transition. Reprinted with permission

RSC Adv., 2020, 10, 21698–21723 | 21713
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to the variety of biomass and/or co-materials, these properties
result in a broad range of values, and universal standards for
these mechanical properties are not established yet. The
necessity of proper standards for these materials will increase
due to the advances in 3D printing techniques and increase of
biomass-derived material applications.
4.2 Thermal properties

The addition of biomass into commercial resins affects their
thermal properties.87,128 Depending on the end-use of the
product, the required properties vary. Therefore, measuring and
analyzing thermal properties are important in the eld of 3D
printing.4 Thermal properties including glass transition
temperature, melting temperature, crystallization temperature,
cold crystallization temperature, and thermostability can be
characterized by thermo-analytical techniques such as ther-
mogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC).

4.2.1 Thermogravimetric analysis (TGA). TGA is a tech-
nique for the thermal stability measurement of materials by
monitoring the mass of substance as a function of temperature
and time.157 A thermogravimetric analyzer is composed of
a thermobalance, a temperature controller, a data collection
device, containers that are inert to the specimen and a gas ow
control device.158 By analyzing the thermogravimetry curve,
composition, thermal stability, thermal decomposition and
products of the multicomponent system can be measured.159
Table 6 Thermal properties of biomass-derived 3D printed products

Materials

Glass transition
temperature
Tg (�C)

PLA + sowood lignin (20–40%) 59–71
PLA + microcrystalline cellulose (MCC) (1–5%) �60
PLA + titanate coupling agent modied MCC (1–
5%)

�59

PLA + lignin (5–15%) 56–61

Polypropylene (22.5–56%) + PLA (22.5–52.5%) +
maleated polypropylene (0–5%) + untreated
bamboo ber (20%)

—

Polypropylene (22.5–56%) + PLA (22.5–52.5%) +
maleated polypropylene (0–5%) + alkali-treated
bamboo ber (20%)

—

Bamboo ber/Polypropylene/PLA + alkali-treated
bamboo ber (10–30%)

—

PLA + wood our (5%) 60
Poly (L-lactic acid) + lignin (10–40%) 57–64
Methacrylate (MA) + lignin-coated cellulose
nanocrystals (L-CNC)

82–101

Polypropylene (PP)/n-octyltriethoxysilane (OTS)/
aminopropyltriethoxysilane (APTES)/
peruorooctyltriethoxysilane (PFOS) +
microcrystalline cellulose (MCC)

—

PLA + cellulose nanobrils (10–50%) 58–60
Methacrylate (MA) + cellulose nanocrystal (0.5–4%) 57.6–74.5

21714 | RSC Adv., 2020, 10, 21698–21723
Fig. 9 shows an example of the TGA plot of lignin, PLA and
PLA/lignin biocomposites.87 The TGA curve presents the weight
change of the biocomposites with temperature. The decrease of
TGA thermal curve indicates weight loss. Onset temperature
was determined at the starting point of the decreasing, implying
the beginning of decomposition. From Fig. 9, lignin and lignin-
added biocomposites show lower thermal stability than that of
PLA because of their lower onset temperatures.

In addition, the gas products from TGA testing can be further
analyzed by multiple techniques, thermogravimetric analyzer
equipped with Fourier transform infrared spectroscopy (TGA/
FTIR) was used to analyze the degradation pathways of poly-
mers and copolymers.160 By analyzing the degradation products
at various temperatures, the overall structure of polymers and
the changes of polymer-based products can be understood. The
thermogravimetric analyzer with amass spectrometer (TGA/MS)
can be used to detect low levels of components in the printed
products.161 Thermogravimetric analyzer connected with gas
chromatography mass spectrometer (TGA/GC-MS) could get
a more detailed characterization compared with TGA/MS. The
gaseous compounds released during thermal decomposition
are rst separated by GC, then identied and quantied by
MS,162 which could separate overlapping events and detect very
low levels of components in complex matrices.

4.2.2 Differential scanning calorimetry. Differential scan-
ning calorimetry (DSC) is another type of thermal analysis
technology, which shows the change of material in regards to
the rate of ow of heat under the programmed temperature.163
Melting
temperature
Tm (�C)

Crystallization
temperature
Tc (�C)

Cold
crystallization
temperature
Tcc (�C) Ref.

179.2–186.6 — — 87
159–161 — 112–119 65
159–160 — 107–115

147–152 — 111–117 91 and
140

159 124 — 136

157–167 121–127 —

161–162 115–119 —

167 — 97 170
161–170 — — 138
— — — 74

147–151 109–113 — 171

— — — 64
— — — 73

This journal is © The Royal Society of Chemistry 2020
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Typical DSC curve represents the endothermic and exothermic
performance of the sample with changing temperature and heat
ow rate (dQ/dt). Two types of DSC, heat ux DSC and power
composition DSC are commonly used.164

Gkartzou et al. experimentally studied the PLA/lignin bulk
composites, as Fig. 10a presents, they predicted that the
increase of lignin content promotes the PLA's double melting
behavior, while no signicant changes were observed in the
glass transition temperature and the corresponding heat
capacity before and aer the glass transition.140 From Fig. 10b,
a step can be observed in the heating curve indicating that the
material is undergoing glass transition. For polymers, glass
transition refers to the segmental motion of amorphous poly-
mer chains start to be frozen or unfrozen,165 where the
temperature for glass transition is called glass transition
temperature (Tg). Polymer changes from a hard and fragile state
to viscous or rubber state with the increase of temperature
around Tg. Determination of a representative Tg, properties of
materials and methods such as half-step-height method,
inection method, equal-areas method and conditions are
considered.166 In the DSC cooling curve, exothermic peaks rep-
resenting the changes of the specimen from a liquid state to
a fully or partially solid state can be observed. This process is
called crystallization. As the temperature rises, an endothermic
behavior occurs since the specimen undergoes the process of
changing from a completely or partially solid state to a liquid
state, which is melting.167 It is worth noticing that sometimes
there is cold crystallization, which is the process when the
crystallization occurs during the heating process and above the
glass transition because the molecular chains reobtain the
Fig. 11 Scanning electron microscopy (SEM) analysis of the fracture surfa
Copyright 2019 Materials.

This journal is © The Royal Society of Chemistry 2020
mobility which is severely limited below the Tg.168,169 This
thermal behavior occurs because of the specimen previously
cooled very quickly and has no time to crystallize.169 In Fig. 10b,
at about 113.6 �C, there is cold crystallization occurring, which
appears as an exothermic peak.

Table 6 summarizes the thermal properties of biomass-
derived 3D printed products.

The glass transition temperature (56–71 �C), melting
temperature (147–186.6 �C), cold crystallization temperature
(111–117 �C) of 5–40% lignin blend with PLA87,91,140 and poly(L-
lactic acid)138 were reported in previous studies. Tanase-Opedal
et al. reported that Tg decreased for the PLA/lignin as the lignin
content increased, which can be explained by different molec-
ular factors172 such as crosslinking density, interchain hydrogen
bonding, molecular mass, and rigid phenyl groups.87

The thermal characteristics of 3D printed products with
different types of cellulose such as microcrystalline cellulose
(MCC),65,171 cellulose nanocrystal,73 cellulose nanobrils64 have
been characterized. The glass transition temperature, melting
temperature, crystallization temperature, and cold crystalliza-
tion temperature were 57.6–74.5 �C, 147–161 �C, 109–113 �C,
107–115 �C, respectively. The similar thermal properties such as
melting temperature (157–167 �C) and the crystallization
temperature (115–127 �C) were observed from the printed
products with whole biomass (bamboo ber136 and wood
our170). Yang et al. prepared methacrylate (MA) nanocomposite
blended with cellulose nanocrystal (CNC) (0.5–4%) through
SLA.73 Aer printing, the sample was postcured under different
temperatures (room temperature, 120 �C, 140 �C and 160 �C).
Aer postcure process, a favorable thermal property was
ce of tensile tested dogbones. Reprinted with permission from ref. 87.

RSC Adv., 2020, 10, 21698–21723 | 21715
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Fig. 12 Micrograph images of the fracture surface after tensile testing (a) photo-curable PU, (b) PU–graphene (PU–G), (c) PU-0.6% lignin/G, and
(d) top surface of PU-0.6% lignin/G. Reprinted with permission from ref. 95. Copyright 2019 Polymers.
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obtained at 160 �C while comparable thermal properties were
also obtained at 120 �C and 140 �C. However, compared to
140 �C, the mechanical property of the printed composites
decreased at 160 �C. In addition, as the CNC exceeded 1%,
tensile strength decreased at 120 �C, 140 �C, and 160 �C.
Therefore, they suggested MA/CNC (0.5–1%) and postcure
temperature between 120 �C and 140 �C for 3D printed CNC/MA
nanocomposites.

The glass transition temperature of commercial resins blend
with biomass-derived mixture74 through 3D printing has also
been tested. Feng et al. tested the thermal properties of the
samples printed through SLA with methacrylate (MA) and 0.1%
to 1% lignin-coated cellulose nanocrystals (L-CNC).74 They
found that as the L-CNC content increase from 0.1% to 1%, the
Tg didn't change signicantly. Compared to the neat MA, the
glass transition temperature decreased. The reasons may be the
increased uidity of the polymer chain or the addition of L-CNC
induced gaps between L-CNC and the MA matrix which
increased the free volume around the MA chain.

4.3 Morphological properties

Morphological analysis has been used in characterizing the
biomass-derived 3D printing materials intuitively. By investi-
gating the inuence of raw materials and printing technologies
on the shape and structure of the products, important infor-
mation on enhancing the quality of the 3D printed products can
be obtained.173

4.3.1 Scanning electron microscope. A scanning electron
microscope (SEM) is a type of electron microscope to observe
21716 | RSC Adv., 2020, 10, 21698–21723
the surface morphology of samples by secondary electron signal
imaging. For characterization of the biomass-derived 3D prin-
ted products, SEM can be used to observe the binding property
of printing layers,74,87,136,137,171 the microcrystalline domains of
the raw materials,65 the morphology of the bio-
composites,38,41,64,65,74,87,89,91,93,95,129,136,137,139,140,170,171,174,175 interfa-
cial adhesion and composite compatibility,64,74,93,95,139,170 fracture
surface of the tensile specimen,64,87,140 and inner-bead
porosity,64 etc.

The fracture surface of PLA/lignin composites blended with
20% lignin, or 40% lignin printed at 205 �C, 215 �C, 230 �C with
FDM are shown in Fig. 11. Tanase-Opedal et al. found that
printing at 215 �C is the most suitable temperature according to
their SEM images.87 The combination of the printing layers at
215 �C was improved, which was benecial to the mechanical
properties of the samples.

Ibrahim et al. used organosolv lignin and graphene nano-
platelets as ller to reinforce photo-curable PU through SLA to
get the nal product.95 PU showed a wide range of slight cracks
and a relatively at surface (Fig. 12a). With the addition of
graphene nanoplatelets, the llers were observed on the surface
of PU–G (Fig. 12b). Aer adding 0.6% of lignin–graphene, gra-
phene was reported to be evenly distributed in the polymer
matrix, as shown in Fig. 12c. The top surface of PU-0.6% lignin/
G exposed to the UV light indicated that with the assistance of
lignin as the ller, the graphene nanoplatelets in photo-curable
PU became homogenous (Fig. 12d). The authors believed that
the composition of lignin-graphene promoted the uniform
distribution of biocomposites in the polymer matrix and
This journal is © The Royal Society of Chemistry 2020
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Fig. 13 Light micrographs of (a) individual PLA fibers extruded from 0.2 mm nozzle 20 mm s�1 printing speed; (b) individual PLA blends with
5 wt% lignin fibers extruded from 0.2 mm nozzle 20mm s�1 printing speed; (c and d) individual PLA blends with 5 wt% lignin fibers extruded from
0.2 mm nozzle 60 mm s�1 printing speed. Reprinted with permission from ref. 140. Copyright 2017 Manufacturing Review.
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signicantly improved the mechanical properties of the 3D
printed composites.

4.3.2 Optical microscope. Optical microscope, also called
light microscope, uses optical principles to create images that
magnify the vision of small objects. An optical microscope was
used to determine the surface roughness,140 dispersion of
biomass-derived components in the surrounding matrix,140

shrinkages of static lament aer solvent evaporation,38 and
crystalline morphology (by polarized optical microscope)175 for
biocomposites.

Gkartzou et al. used an optical microscope to observe the
morphology of single bers extruded at different printing
speeds.140 Compared with pure PLA ber (Fig. 13a), lignin
caused a signicant increase in bers' surface roughness
(Fig. 13b–d). As the diameter of the nozzle decreased to the size
that was comparable to the lignin aggregate, the diameter
inconsistencies became more prominent at higher speeds, the
aggregation of lignin resulted in the increase of local diameter
up to 30% at 60mm s�1 printing speed (Fig. 13c and d). Speed of
20 mm s�1 as the general printing speed of all nozzles was
selected.
This journal is © The Royal Society of Chemistry 2020
4.4 Other approaches

4.4.1 Contact angle measurement. Contact angle
measurement is a common and effective method to describe the
relative hydrophobic behavior of the composites by using water
as the liquid.89,176,177 By measuring the wettability of the material
surface.177,178 Wetting can be judged by measuring the contact
angle between the liquid and solid at the interface of gas, liquid
and target materials. If the wetting tendency increase, the
contact angle or surface tension will decrease.178 It is worth
noting that the contact angle is affected by surface porosity,
roughness, non-uniformity, and other factors.177 Lower than 90�

of the contact angle value between the liquid and the solid
indicates a high affinity between the liquid drop and the solid. If
the contact angle is higher than 90� with water, the solid is
considered as a hydrophobic material.177,179

Vaidya et al. blended PHB with 10% to 50% biorenery lignin
and printed by FDM.89 The water contact angle of the compos-
ites increased with the increasing content of biorenery lignin,
indicating that the relative higher hydrophobicity of the
composite surface increased with more lignin.

4.4.2 Shape memory effect. Shape memory polymer (SMP)
can be xed to a temporary shape and restore its original shape
RSC Adv., 2020, 10, 21698–21723 | 21717
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aer external stimulation (such as heating or lighting).137,180

Therefore, sometimes it is necessary to measure the shape
memory effect of the biocomposites.

Bi et al. tested the shape memory behavior of wood our/
thermoplastic polyurethane (TPU) mixture blend with
different EPDM-g-MAH contents at different temperatures
(room temperature or 60� in the oven).137 The characterization
process is heating the sample with the original shape and angle
(180�) to the temperature above the so segments melting
temperature of TPU for 2 h, then bend the sample to a xed
angle and place it in a temperature which is below glass tran-
sition temperature for 12 h to x the temporary shape, and
nally placing the sample at the corresponding temperature to
determine the shape recovery state and shape recovery rate. The
shape recovery rate (Rr) can be obtained by the following
formula:

Rr% ¼ Ar � At

180� At

� 100% (4)

where Ar is the recovery angle; At is the xed angle.
Based on the nal changing state images of the samples and

Rr% data, they found that the Rr% of the unmodied and 4%
EPDM-g-MAH–TPU/WF (4% TPU/WF) composites were both
higher than the Rr% at room temperature, and the shape
memory performance of the 4% TPU/WF composites was
slightly higher than that of the unmodied TPU/WF compos-
ites. Therefore, they concluded that temperature was a key
factor in thermally induced shape memory effect and 4% TPU/
WF composites had better shape memory performance. In
addition, by studying the heat-induced shape memory effect of
TPU/WF composites at 60 �C temperature, they found that when
the so segment of the TPU was exposed to high temperature,
the chains of molecules were stretched and oriented by external
forces, allowing them to be morphed into any shape.181,182 Aer
the removal of the external forces and below the temperature of
the so segment, the molecules are in a glassy state, leaving
their deformed shape in a temporary state. When heated above
the so segment temperature, the so segment melts, and the
deformed structure will automatically return to its original
printed shape.

4.4.3 X-ray diffraction. X-ray diffraction (XRD) is a rapid
analysis technique to obtain detailed information on the
structure and physical properties of crystalline in materials.183

During the measurement, an X-ray beam is directed to the
sample. Lattice satisfying the Bragg's law in the crystals in the
sample will diffract the X-rays as eqn (5).184

nl ¼ 2d sin q (5)

where n is the reection series; l is the wavelength of the inci-
dent beam; d is the lattice spacing; q is the angle between the
incident beam and the reecting crystal plane.

In addition, XRD can be used to measure the average spacing
between atoms, to determine the grain direction, degree of
crystallinity and the crystal structure of unknown materials.183
21718 | RSC Adv., 2020, 10, 21698–21723
In biomass-derived 3D printing materials, it is usually used
to determine the concentration of the crystals in the biomass
composites through XRD spectra.87,129,136,139,170

Tanase-Opedal et al. reported that neat PLA exhibits a broad
peak in XRD spectra which indicated a low crystallinity of PLA.87

As the addition of lignin, two new peaks appear in the XRD
pattern which indicates PLA was further crystallized because of
the lignin as a nucleating agent. Long et al. determined the
diffraction peaks in the XRD pattern by observing the charac-
teristic peaks of pure polypropylene (PP) and neat PLA.136 Since
there were no differences in the diffraction peaks in the XRD
spectra, they concluded that the crystal type did not change
during the preparation of bamboo ber/PP/PLA. In addition, as
the PLA increases, the diffraction intensity in the spectrum
decreases which indicates that the increase in PLA leads to
a decrease in the crystallinity of PP.

4.4.4 Dynamic mechanical analysis. Dynamic mechanical
analysis (DMA) is widely used to measure the viscoelastic
behavior of polymers. At a specic frequency or temperature,
sinusoidal stress or strain is applied to the material, and then
the resulting stress or strain inside the material is measured.
However, the responding stress owns a phase displacement (q,
and the tan q is called the damping factor) compared with the
given stimulus due to the property of the polymer. The defor-
mation resistance (i.e., the complex modulus) is then decon-
voluted into an elastic portion (in phase with the given
stimulus, in which the ratio of stress/strain is called storage
modulus) and a viscous portion (p/2 out of phase with the given
stimulus, in which the ratio of stress/strain is called loss
modulus) this technique is used to determine the storage
modulus, loss modulus and damping as a function of temper-
ature, time or frequency. The storage modulus (E0) is a measure
of the elastic storage energy of a material.185,186 Loss modulus
(E00) is the energy dissipation (usually a loss in the form of heat)
when a viscoelastic material deforms.185,186 Damping (tan delta)
can characterize the energy dissipation efficiency of a material
and can be expressed as E00/E0.186 The DMA glass transition
temperature can be obtained from the intersection of two
tangent lines from the storage modulus and the peak temper-
ature of tan delta.186 These properties can be used to determine
the viscoelasticity of biomass-derived 3D printed products
related to printing behaviors.64,74,93,137,171

Kaynak et al. used DMA to measure the storage modulus of
PP/microcrystalline cellulose (MCC, unmodied and surface
modied) composites.171 The stiffness of all composites ob-
tained by measuring the Young's modulus increased slightly
below the glass transition temperature (Tg).187–189 However,
when the temperature was above Tg, the storage modulus of the
material decreased slowly with the increase of temperature. The
authors discussed that the heating above Tg provides enough
thermal energy or activation energy to make the bond in the
polymer segment rotate.190

5. Conclusions and perspectives

Recent advancements of 3D printing technologies offer
a promising manufacturing strategy by reducing waste
This journal is © The Royal Society of Chemistry 2020
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generation and energy consumption as well as fabricating wide
and complex structures. In particular, utilization of lignocellu-
losic biomass in 3D printing has been investigated to overcome
the current challenges posed by petroleum-based materials
such as the shortage of resources and negative impacts on the
environment. Diverse researches in printing technologies,
printing feedstock, characteristics and applications have been
conducted to enhance the properties of biomass-derived 3D
printed materials and broaden their applications. Cellulose,
lignin, starch, and whole biomass are some of the biomass-
derived substances that have been utilized in fused deposition
modeling, stereolithography, binder jetting, or direct ink
writing 3D printing technologies. These technologies allow the
use of low-cost biomass-derived substances to fabricate
composites that can serve construction, biomedical, pharma-
ceutical and food industries.

In this emerging eld, the structure–processing–property
relationship is still followed, which means the nal product was
formed hierarchically. Therefore, understanding the structure
of biomass component(s) remains important, along with the
utilization of the supramolecular structures, like crystallinity,
material anisotropy and interfacial interactions need to be well-
studied to help reach the target property of the 3D printed
biomass-derived materials. For the processing, various param-
eters such as the printing resolution and part production rate
are the areas that have to undergo further engineering for
making 3D printing competitive with conventional material
fabrication technologies. In the future, the use of compatibil-
izers and modication of interfacial chemistry may enhance
bonding and distribution of biomass-derived llers with plas-
tics, which could signicantly improve the concentration of the
llers with moderate strength to alleviate depletion, at least
partially, of the petroleum-based materials. Moreover, charac-
terization techniques that are tailored to the nal commercial
application can be valuable to better assess the strengths and
weaknesses of printed materials. An in-site characterization
that has been applied to metal 3D printing is also a possible
approach in this eld to promote the printing quality.
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