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Abstract With the development of cellulose chem-
istry and processing technology, the applications of
cellulose materials were not limited to traditional
fields as engineering materials in forest originated
products, paper, and textile industries, but also used
for advanced functional applications in the field of
biomedical and smart health care, printed electronics,
and responsive wearable textiles. With the advantage
of sophisticated geometry fabrication and low cost
production, 3D printing technologies have been
employed with many materials for a variety of
applications. This critical review focuses specifically
on the development and assessment of cellulose
materials for 3D printing. A special focus was paid
on extrusion based 3D printing. Detailed examinations
of cellulose hydrogel rheology, fiber entanglement,
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fiber alignment, gelation, printability, shape fidelity,
cell viability and processing parameters in extrusion
based 3D printing are explored. Other 3D printing
techniques such as inkjet 3D printing, 3D spinning,
stereolithography, laminated object manufacturing
and selective laser sintering are also introduced. The
functionality of 3D printed constructs was designed
either by cellulose surface modification or by incor-
poration of functional components. The properties and
performances of 3D printed cellulose constructs as
well as their potential applications in the fields of
medical, electronics, and smart textile are discussed.
Finally, perspective and current important limitations
of 3D printing with cellulose materials for advanced
application are provided.
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Introduction

3D printing, also known as additive manufacturing is
an emerging technology and has drawn great attention
in recent years. 3D printing is a process of fabricating
products with raw material directly from a 3D digital
model in a layer by layer manner (Gibson et al. 2015).
It was first commercialized by 3D-Systems in 1987
and is nowadays widely used not only for models and
prototypes but also for end use products. 3D printing
offers great benefits in fabrication of objects, including
less material, customized geometry, and cost effective.
A wide variety of applications for 3D printing with
different materials were developed.

The most commonly used materials in 3D printing
are polymers, composites, metals, ceramic, sand and
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wax (Jungst et al. 2016; Kalsoom et al. 2016;
Kirchmajer et al. 2015; Ligon et al. 2017; Wang
et al. 2017b). Up-to-date databases of 3D printing
materials have been developed by Senvol and Impri-
malia 3D, which is freely available online (for detail,
see URL http://senvol.com/database/; http://www.
3dprintingdatabase.org/en).  General information
about the 3D printing materials and applicable 3D
printers are provided. It was reported that polymers
such as polylactic acid (PLA), acrylonitrile butadiene
styrene (ABS) and nylon, the most commonly used 3D
printing material could induce potentially hazardous
incidents. Volatile organic compounds and ultrafine
aerosol that might be harmful to humans are detected
in 3D printing processes. 3D printed objects with such
polymers are measurably toxic to zebrafish embryos, a
model organism widely used in biological research
(Oskui et al. 2015). Designing and manufacturing low-
emitting and less toxic 3D printing materials are
imminent. In order to reduce the related safety risks
and unpleasant smells with synthetic polymers,
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manufacturers and end-use customers are inclined
towards using natural polymers, which is renewable
and biodegradable (Rejeski et al. 2018). A lot of
attentions have been paid to develop print-
able biopolymer composites with improved perfor-
mance. Natural polymer hydrogels such as collagen,
alginate, chitosan and hyaluronic acid have been used
to prepare scaffolds by 3D printing and showed great
potential in the promising new fields of tissue engi-
neering and regenerative medicine (Chimene et al.
2016; Jungst et al. 2016; Shen et al. 2016). 3D printing
of cellulosic materials presents an opportunity to
fabricate 3D objects from a cheap and sustainable
source.

Cellulose, the main structural component of plant
cell wall, is the most abundant renewable biopolymer.
Highly ordered cellulose chains form cellulose
nanocrystaline. Cellulose nanocrystaline together with
disordered cellulose embedded in a multi-component
matrix composed of hemicelluloses, lignin, and a
small amount of pectin, forming a hierarchical struc-
ture. The structural organization and interfacial inter-
action of cell wall components on different level
strongly affect the mechanical performance of cell
walls. The hierarchical structure and complex com-
position of cell walls offer a favorable basis in design
and fabrication with materials having superior prop-
erties. 3D printing technologies could offer new ways
to design and manufacture fascinating materials by
mimicking the structure and component properties of
cell walls (Studart 2016). Cellulose materials in the
form of lignocellulose, bleached pulp, dissolving pulp
are adequately available in the market. With decades
of research and exploration, micro-/nano-sized cellu-
lose such as microcrystalline cellulose (MCC), cellu-
lose nanofibrils (CNF), cellulose nanocrystalline
(CNC) and bacterial cellulose (BC) with tailor made
properties could be isolated (Habibi et al. 2010; Isogai
and Bergstrom 2018; Moon et al. 2011). Green and
sustainable liberations of CNF by TEMPO oxidation
were extensively studied (Isogai and Bergstrom 2018;
Isogai et al. 2011; Saito et al. 2007). Tailored
productions of CNC with CNF by recyclable dicar-
boxylic acids were demonstrated (Jia et al. 2017b;
Wang et al. 2017a). We also did some work in this area
(Wang et al. 2012a, b, 2013, 2014a, b, 2016; Chen
et al. 2015; Wang and Zhu 2015, 2016). Nowadays,
pilot plant facilities made large-scale production of
cellulose nanoparticles available.

Cellulose materials without chemical modification
are generally considered infeasible for extrusion or
sintering based 3D printing since cellulose materials
thermally decompose before they can melt and
become flowable when heated. On the other hand,
nanocellulose hydrogels showing a shear-thinning
behavior might be considered as extrudable precursors
for 3D printing. The new era driven by 3D printing
with cellulose materials to replace fossil based plastic
materials might be come. Here in this paper, recent
developments in 3D printing with cellulose materials
are reviewed. First, a brief introduction to 3D printing
technologies and cellulose materials was provided.
Next, the improvement and diversification of proper-
ties of 3D printed cellulose composites via the
different techniques are investigated. In particular,
progresses done in last 5 years are emphasized. The
applications of 3D printed cellulose composites in
biomedical, electronics and textiles are then explored.
Finally, limitations of current 3D printing technolo-
gies and future direction are provided.

3D printing technology

The printing technology of 3D printer is the key part of
the whole 3D printing process, playing a vital role in
connecting digital 3D models, 3D printing materials,
and final applications. Efforts must be made to meet
the technical challenges in material development and
process control (Oropallo and Piegl 2015). According
to the ways how the layers deposited to create parts
and the materials that are used, 3D printer can be
classified into different categories. In this article, 3D
printing systems with cellulose materials are generally
divided into three categories (although there may be
many more, more close attention was paid to those
three): (1) extrusion based 3D printing systems,
including fused deposition modeling (FDM) process,
direct ink writing (DIW), and microextrusion 3D
bioprinting; (2) Inkjet 3D printing, and (3) 3D
spinning. Some conceptual knowledge about lami-
nated object manufacturing (LOM) and selective laser
sintering is provided. Typical cellulosic material
reinforced plastic filaments for FDM are listed in
Table 1; while extrusion based 3D printing techniques
of cellulose material based inks are summarized in
Table 2.
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Table 1 Typical cellulosic material reinforced plastic filaments for FDM

Materials (cellulose Filament Filament FDM printer Nozzle  Printing Potential References
material content, %) processing diameter size temperature application
method (mm) (mm)

Wood flour/PLA (5%) Extrusion 1.75 Self-assembled 0.4 210 Functional, load- Tao et al.
FDM 3D bearing (2017)
printer applications

Micro-nanocellulose/ A twin- 1.75 76038, Jgaurora 0.4 190 Structure Wang et al.

PLA (0-30%) Screw Ltd materials (2017¢)
extruder
ColorFabb recycled - 2.85 Prusa i3 rework 0.3 210 4D printing Le Duigou
wood flour/PLA 3D printerwas actuation et al. (2016)
(15%) functionality

Cellulose fiber/PLA 2-step 2.85 Lulzbot TAZ 5 - 210 automotive Kearns (2017)
(0-20%) extrude 3D printer industry

Cellulose nanocrystals/ A single 1.7 Sharebot Next 0.35 - improve the Rigotti et al.
polyvinyl alcohol screw Generation 3D performance of  (2017)
(2-10%) extruder printer PVOH

Hydroxypropyl A twin- 1.75 Replicator 2X 0.2 210 Drug delivery Chai et al.
cellulose/ screw (2017)
Domperidone extruder
(80-90%)

Cellulose nanocrystal/ A twin 3 Thing-O-Matic 0.3 185 Bone tissue Hong (2015)
poly(e-caprolactone) screw 3D printer engineering
(0-10%) extruder

Cocoa shell waste/ A single- 1.75 Prusa i3 0.3 120 Household and Tran et al.
poly(e-caprolactone) screw Hephestos 3D biomedical (2017)
(0-50%) extruder printer application

Extrusion based 3D printing

Extrusion based 3D printing is one of the most widely
used processes in which extrudable material is selec-
tively dispensed through a nozzle and deposited in a
layer-by-layer manner. Before the deposition of the
second layer, the first layer needs to maintain its
structural fidelity. Fused deposition modeling (FDM)
process (Fig. la), direct ink writing (DIW), and
microextrusion 3D bioprinting (Fig. 1b), belong to
the material extrusion category. Because of the great
availability of materials, extrusion based 3D printing
is currently the most widely-used techniques (Chung
et al. 2013; Kirchmajer et al. 2015). Cellulose
materials including lignocellulosic material, cellulose
derivative, and cellulose nanoparticles were reported
being used as materials for extrusion-based 3D
printing. Production of filaments with smaller diam-
eter by extrusion based 3D printing is still challenging
due to die swell that occurs when viscous liquefied

@ Springer

materials are extruded a through a small diameter
nozzle (Hochleitner et al. 2015). The extrudability or
printability of cellulose based materials in 3D printing
are vital for quality of 3D printed constructs.

Stereolithography printing

Stereolithography, a vat photopolymerization process
that liquid photopolymer is selectively cured by light-
activated polymerization, remains one of the most
applicable and most powerful 3D printing technolo-
gies. Figure 2 shows a stereolithography printing
apparatus. Due to the high resolution of light source,
it has higher manufacturing accuracy, which gives
smaller layer thickness, higher detail information, and
better surface quality. An increasing number of liquid
photopolymers are developed and employed to stere-
olithography for different applications. It was reported
that cellulose nanocrystals were added to optically
curable resins to reinforce the mechanical properties.
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Fig. 1 Extrusion based 3D (a) Filament material (b)
printer. Reprinted with igh . . —
permission from Gibson FOM printer || pinch raler Microextrusion bioprinter
et al. (2015), Murphy and © @/ feed system
Atala (2014) 7l [h= Pneumatic Piston Screw

Liquifier

chamber\ <«Valve

Nozzle tip L J .

X-y axes
l Platform ﬂ ‘ @J
z-axis
Fig. 2 Schematic of a SLA (a) (b)
printing apparatus.
Reprinted with permission Laser %
from Gross et al. (2014)
Resin
reservoir
Resin
reservoir

Cured resin

The addition of CNC barely affects the processability
of the resin (Feng et al. 2017; Kumar et al. 2012;
Palaganas et al. 2017).

Inkjet 3D printing

Inkjet 3D printing is a process in which drops of liquid
with diameters in the micrometer range ejected by
either thermal or acoustic forces and deposited onto a
user-defined position of a substrate (Fig. 3). Inkjet 3D
printers are featured with high resolution, precision
and speed, making it a promising platform for
functional 3D structure developments. Recently,
nanocellulose based inkjet inks have gained great
attention (Gunasekera et al. 2016; Nechyporchuk et al.
2017).

Cured resin

Transparent
window

Lens

Digital
mirror _s5——
device

Pattern/'
X-Y positioning system

{ Laser ‘

Inkjet print head

Powder spreader
inder droplets

-
| I
Part — Bi
\‘ ~e=== Unused powder
>
zt
Fig. 3 Schematic of an inkjet 3D printer. Reprinted with
permission from Gibson et al. (2015)

Build platform
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3D spinning

Electro-, dry-, and wet-spinning of cellulose materials
have been used to manufacture renewable sub-micron
fibers and ultrafine filaments with strong, tough
oriented structure (Lundahl et al. 2017). Figure 4
shows the schematic of 3D electrospinning and
experimental setup. Techniques for accurately defined
deposition were adopted to overcome electrical insta-
bilities. Successively stacking of sub-micron filaments
in a controlled fashion forms 3D scaffold structure
(Lee and Kim 2014). Porous scaffolds with high
resolutions have been fabricated with cellulose solu-
tion/suspension or derivatives either by 3D electro-,
dry-, or wet-spinning (Atila et al. 2015).

Laminated object manufacturing and selective
laser sintering

Laminated object manufacturing, one of the earliest
3D printing technologies, was originally developed
from laminated paper sheets coated with a thermo-
plastic adhesive, supplied from a continuous roll,
which formed the layers of the final part (Fig. 5)
(Wimpenny et al. 2003). The finals products of LOM
with paper based materials is similar to plywood,
which could be used as floors, walls and roofs in home
constructions, or an engineering material for outdoor

Fig. 4 Schematic of 3D
electrospinning and
experimental setup.
Reprinted from Hochleitner
et al. (2015) under the
Creative Commons
Attribution Licence

Electrospinning (ES)
with polymer solutions

p—

solvent
evaporation

—
random non-woven mesh

X-Y plotter

Layer outline
and cross-hatch

Laser

Heated
Roller

Polymer-Coated

Excess Paper

Material

Material
Supply Roll

Fig. 5 Schematic representation of the LOM process. Rep-
rinted with permission from Wimpenny et al. (2003)

applications. Fabrication 3D scaffold by selective
laser sintering with cellulose—starch and cellulose
acetate thermoplastic materials was also reported in
literature (Salmoria et al. 2009).

3D printing with lignocellulosic materials

Many researches has been attempted for the FDM 3D
printing with lignocellulose materials but facing
multiple challenges. Thermally decomposition
occurred before lignocellulose become extrudable.
Lignocellulose materials were mainly used as enforce-
ment component to improve the mechanical properties

Melt Electrospinning Writing (MEW)
with polymer melts

Elimination of Whipping

loss & storage modulus l
stiffness of the jet

charge density l

less bending repulsion

melt
solidification
=

v

defined structured mesh

psSbar

»motion =
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or help to reduce global carbon emissions in prelim-
inary researches.

Lignocellulose fillers reinforce polymer
composites in FDM and other 3D printing process

Lignocellulose powder can be used as a component in
3D printing with conventional plastic materials and
adhesives. Henke and Treml used wooden chips and
binding agents including methyl cellulose, gypsum,
sodium silicate and cement as raw material, and
aerosolized water as activator in 3D printing for
construction applications (Henke and Treml 2013).
Kariz et al. (2015) used a mixture of wood powder and
adhesive for 3D printing (Fig. 6). Brites and cowork-
ers’ research indicated that the addition of wood
powder (cork) can be processed with HDPE by
extrusion based 3D printing. Similar work was done
by Rosenthal et al. (2017) in a liquid deposition
modeling process. These results showed the feasibility
of using of lignocellulosic material in 3D printing
processes. However, it was also indicated that 3D
printed wood based bulk materials exhibits poor
mechanical behavior, which could not be used for
structural applications.

Various polymer filaments with lignocellulose
were prepared with improved quality. PLA composite
filament filled by wood flour (5 wt%) was developed
by Tao (2017) (Fig. 7). Similar PLA or polypropylene
(PP) filaments with higher wood flour, namely 10, 20,
and 30%, were fabricated by twin screw extrusion and
further used in FDM process (Montalvo Navarrete
et al. 2017). Wood flour filaments are printable in
FDM process. However, the objects obtained by 3D

Fig. 6 Extrusion based 3D
printer and 3D printing with
a mixture of wood powder
and adhesive. Reprinted
with permission from Kariz
et al. (2015)

Force needed
for extrusion

Mixture of wood !
powder and adhesive

Interchangeable nozzle

\f

Compressed air inlet-

Pressurized chamber

Piston

Extrusion of mixture

printing have much lower mechanical properties than
those objects produced by traditional manufacturing
processes. The existence of wood flour changed the
microstructure of the matrix, leading to a decrease of
the interface compatibility of the composites. Uni-
formly structured filaments based on micronized
cocoa shell waste (up to 50% by weight), and
biodegradable poly (e-caprolactone), PCL, have been
prepared and used in 3D printing. The problem, such
as nozzle blockage occurred in the early phase of the
research due to larger wood flour particles (Tran et al.
2017). Uniformly controlling the size of wood floor
particle is a key strategy to overcome this issue. It was
indicated that mechanical properties of the filaments
was sufficient for FDM process. The mechanical
properties of the final 3D printed objects were not
provided in the study. Commercial FDM filaments
made from polymers with algae, bamboo, coffee
grounds, hemp, or other lignocellulose materials are
available. Most filaments currently on the market have
an undisclosed quantity of additives, giving filaments
higher mechanical properties and increasing printabil-
ity. The reuse of recycled biodegradable 3D printed
wastes, 3D parts or filaments for sustainable 3D
printing is an important issue to be addressed (Pakka-
nen et al. 2017).

Problems concerning 3D printing with lignocellu-
lose materials are discussed. The possible reasons
responsible for the poor quality of 3D printed ligno-
cellulosic materials include variations of raw material
quality, distribution of lignocellulose powder in
polymer matrix, insufficient adhesion between hydro-
philic lignocellulosic material and hydrophobic poly-
mer matrix, and shape deviation of the components

\/

(a)

(b)
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WOOD/PLA

Fig. 7 Filament, test specimens and 3D product. Reprinted from Tao et al. (2017) under the Creative Commons Attribution License

caused by the irregular swelling or shrinkage of wood.
Researchers are motivated to find ways that would
address the challenges mentioned above. A variety of
innovative techniques were adopted to overcome these
challenges.

A lot of efforts including physical and chemical
modification of the interface between untreated lig-
nocellulose powder and the polymer matrix have been
made to avoid these defects. Substantial improve-
ments in the quality of the 3D printed objects have
been achieved. Wooden composite structures with
superior mechanical properties were FDM printed
(Fig. 8) (Pitt et al. 2017). The mechanical perfor-
mances of these 3D printed objects are comparable to
or even better than commercial particleboard and

Dispensing
pressure applied
N N v Dispensing syringe barrel attached
Dispensing syringe y to 3-axis robt
barrel travel
direction l T Feedstock (wood flour + binder)
N
7
| 7 ) )
— \&fe- Randomly orientated glass fibre
/ N\

N T
\Ill/( ---------- Nozzle

Single layer extrusion

’ Directional

= _:/\,:--“'(alignment of
— -

N e \ fibres
- = —

\ — — Z
Substrate plate T

Fig. 8 Schematic of the extrusion based 3D printing and
hypothesis of fiber alignment. Reprinted from Pitt et al. (2017)
under the Creative Commons Attribution License

@ Springer

fiberboard. The enhanced mechanical properties of
printed objects were mainly ascribed to an enhanced
interlayer interaction by overlapping of filaments, a
uniform dispersion of wood powder, a densification of
feedstock paste and fiber in situ directional alignment.
PLA filaments reinforced with laccase-assisted
hydrophobic modified thermomechanical pulp fibers
exhibited the lowest water wettability and excellent
interaction and interfacial adhesion between matrix
(Filgueira et al. 2017). State-of-the-art fiber-reinforced
polymers (including cellulose nanofiber) in additive
manufacturing technologies were reviewed by Paran-
doush and Lin (2017).

4D printing with lignocellulose materials for smart
materials was also developed. By taking advantage of
wood grain inherent anisotropic and hygroscopic
structures, wood composites were 3D printed by
Tibbits and his co-worker at the Self-Assembly Lab
of MIT for self-bending devices with a wood based
filament that actuate in a moisture gradient or other
environmental stimuli (Correa et al. 2015). This 3D
printing of smart material, known as 4D printing was
achieved by differentiated printing or differentiated
multi material printing with wood based filament and
other polymer filaments. By mimicking the wood
grain, curling or folding deformations of smart
materials were fabricated by designing the pattern
and orientation of the fibers, the height of each layer,
and the interlayer interaction with wood based
filament, or by taking the advantage of the differences
in volumetric expansion/contraction, bending rigidity,
and elasticity modulus between two layers with multi
material filaments. Similar work was done by mim-
icking a pinecone with a bilayer microstructure, 4D
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printed hygroscopic composites with a programmable
moisture-actuated functionality were fabricated with
lignocellulose filament by Le Duigou et al. (2016)
(Fig. 9). The influence of processing parameters was
studied in detail to promote the development of
mechanical to actuation functionality of composites.
These 3D printed materials could be able to change
their shape or properties over time to respond to
external stimuli such as temperature, pH, humidity,
and illumination, and can be used for sensing and
actuation (Shin et al. 2017). Although progresses of
3D printing with lignocellulose material have been
made, much remains to be done before printed object
works as functional end products. It is necessary to
further optimize technological parameters for 3D
printing of lignocellulose filler reinforced matrix
composites.

Cellulose or cellulose derivatives micro-/nano-
particle reinforced polymer matrix composites
in FDM process

Similar to lignocellulose, pure cellulose particles
could also be used as a component for 3D printing
filaments to enhance the mechanical strength of 3D
printed products. The hydrophilicity and less thermal
stability of cellulose micro/nanoparticles restrict the
range of choice of polymer matrix and the processing
methods of the composites (Oksman et al. 2016). The
dispersion, distribution, and the interfacial interaction
of cellulose particle in thermoplastic composites are
essential parts of research and development of the
manufacturing process of cellulose enhanced 3D
printing matrix.

In order to overcome the problem mentioned above,
different techniques including size reduction, surface

ylv—x(a

A mm

Fig. 9 3D printed smart
materials with
lignocellulose material: 4D
printing: principle of 3D
printed functional wood
fiber composites and
Hygroscopic programmed
3D printed wood material
transformations. Reprinted
with permission from Le
Duigou et al. (2016)
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modification, and melt mixing processes were adopted
to improve the performance of cellulose/polymer
filaments prepared. Kearns used micro-sized recycled
cotton cellulose powder, with PLA as base thermo-
plastic polymer and polyhydroxyalkanoate (PHA) as
an additive for developing filaments. Micro-sized or
nano-sized cellulose with higher aspect ratio could
substantially increase the mechanical performance of
filaments. Mechanical tests indicated that the filament
prepared is aligning with plant-based filaments cur-
rently on the market (Kearns et al. 2016; Kearns 2017).
Similarly, cellulose nanocrystals (CNC) nanocompos-
ites-polyvinyl alcohol (PVOH) filaments containing
various amounts of CNC (from 2 to 20 wt%) were
produced and a progressive enhancement of physical
strength and thermal properties of the PVOH com-
posites was observed (Rigotti et al.). 10% CNC was
used as a multi-functional additive to reinforce 3D
printable poly(e-caprolactone) nanocomposite perfor-
mance for bone tissue engineering applications. The
result indicated that mechanical properties of PCL
composite were significantly enhanced while surface
hydrophobicity of PCL composite was slightly
reduced due to the addition of hydrophilic CNC
(Hong 2015).

Surface modified MCC reinforced PLA filaments
were successfully manufactured and subsequently
printed using a FDM printer (Murphy and Collins
2016). The study indicated that surface modification
could improve the compatibility between hydrophilic
MCC and hydrophobic PLA, resulting in an increase
in PLA crystallinity and therefore exhibited an
increase in storage modulus. This research offered a
novel route for robust, tailored, fully degradable 3D
printing filament production with surface modified
cellulose. 3D printing filaments with up to 30 wt%
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surface modified micro/nanocellulose- PLA compos-
ite was developed by Wang et al. (2017c). Interfacial
compatibility of micro/nanocellulose and PLA was
improved substantially by using a silane-coupling
agent (KH-550). The addition of PEG worked as a
plasticizer and the printability of the filament was
greatly enhanced. Under optimum condition, the
mechanical property of 3D printed micro/nanocellu-
lose- PLA composites remained at a comparable level
to that of pure PLA. L-lactide-graft-cellulose nanofi-
bers (PLA-g-CNFs) and PLA composite filaments
were produced by melt extrusion for FDM process.
Surface modification contributed to the growth of PLA
crystalline regions, while the post extrusion annealing
resulted in a significant increase of mechanical
strength of the filaments due to the reorganization of
amorphous regions and less-perfect crystalline regions
into more perfect crystalline regions (Dong et al.
2017).

3D printed tablets were developed with cellulose or
cellulose derivatives as viscosity increasing agents,
suspending agents, providing different drug delivery
profiles, such as immediate, controlled/sustained or
delayed release. Hydroxypropyl cellulose (Chai et al.
2017), hydroxypropyl methylcellulose, microcrys-
talline cellulose (Goole and Amighi 2016) and ethyl
cellulose (Kempin et al. 2017) were used as a base
component for FDM filaments to prepare controlled
release tablets. The types of the base polymers greatly
influence drug release profile. Therefore, a desired
control release profile could be obtained by selecting
appropriate polymers and drug loading. Careful con-
trol of 3D printing parameters is needed to be
optimized to minimize cellulose derivatives degrada-
tion and to improve cellulose materials dispensability
within the matrix polymer.

Cellulose hydrogels in 3D printing processes

Tailoring cellulose hydrogel properties for advanced
3D printing ink development

As a potential candidate for bioink, cellulose solution
or suspension with shear thinning behavior and a
sufficient zero shear viscosity could meet the two
minimum requirements for extrusion based 3D print-
ing, namely, (1) good extrudability through micro
sized nozzles; (2) good shape fidelity of the dispensed
filaments. These properties make nanocellulose
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hydrogel a great potential for biomedical and other
applications. Rheological property of hydrogel ink is
considered to be one of the most important factors that
affecting 3D printing process (Holzl et al. 2016). A
number of critical reviews and researches on rheology
of nanocellulose suspensions are available (Gao et al.
2016; Hubbe et al. 2017; Nechyporchuk et al.
2014, 2016; Puisto et al. 2012; Shao et al. 2015).
Rheology of nanocellulose suspension was affected by
a group of interlinked parameters. Here, the influences
of viscosity, shear-thinning, fluid flow and gelation on
3D printing processes are discussed. CNC morphology
and rheological behavior of aqueous CNC inks of
varying solid loading are shown in Fig. 10.

A suitable viscosity of cellulose suspension is
required for 3D printing processes. The viscosity of
suspension is mainly determined by cellulose concen-
tration and degree of polymerization. Other factors
like temperature, ionic strength or pH also affect
suspension viscosity. It was reported that surface
charge significantly affects the rheology of cellulose
nanocrystal suspensions, and of course viscosity
behavior (Shafeiei-Sabet et al. 2013).

Nanocellulose suspensions exhibit a shear thinning
behavior, which has been widely reported in litera-
tures. In a static state, nanosized cellulose fiber
entangled together, forming a loosen hydrogel net-
work; when the shear force applied, the entangled
fibers break up, resulting to the alignment of cellulose
fiber and a decrease in viscosity. In a suspension of
relatively high solids content, the entangled network-
like structure transformed into individual entangled
fragments, possibly with some individual fibrils
(Hubbe et al. 2017; Xu et al. 2017). Once the shear
is removed, nanocellulose fiber re-entangled together.

The viscosity of nanocellulose suspensions mea-
sured by cylindrical rheometer and pipe rheometer
does not always agree, which is possibly caused by
wall depletion of the rheometer cylinders. In a study
conducted by Lauri, the rheological properties of
nanocellulose suspensions in a real flow pipe were
investigated by a pipe rheometer equipped with an
optical coherence tomography (OTC) device (Fig. 11)
(Lauri et al. 2017). Further studies of the complexed
rheological behavior of nanocellulose suspension in a
real flow tube, like in a 3D printer tube or nozzle, are
urgently needed in order to theoretical understand the
3D printing process with cellulose hydrogels.
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Fig. 11 Schematic diagram of the pipe rheometer. Reprinted
with permission from Lauri et al. (2017)

The flow behavior of the cellulose hydrogel during
the process of 3D printing was described by compu-
tational fluid dynamics (CFD) model. CFD modeling
could be used to predict dependencies among cellulose
hydrogels properties (i.e., viscosity, shear-thinning),
extrusion parameters (i.e., nozzle geometry, extrusion
pressure and printing speed), and other printing
performances (i.e., shear stress distribution diagram
within the nozzle, printing resolution and objects
integrity) (Blaeser et al. 2016; Leppiniemi et al. 2017;
Muller et al. 2017). Figure 12 shows the cylindrical
metal nozzle and conical plastic nozzle geometries of
the printer head.

(a) Cylindrical steel tip

(b) Conical plastic tip 19 mm

25 mm
< »

Fig. 12 Extrusion 3D printer nozzle geometries. Reprinted
from Leppiniemi et al. (2017) under the ACS AuthorChoice
License

The degree of entanglement of nanocellulose
suspension could be estimated by crowding factor as
demonstrated in Eq. 1 (Wang et al. 2013).

L 2
N:Cm(3> = Cpx°

(1)
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where C,, is the solid content of nanocellulose
suspension (wt%), L is the average length and d is
the diameter of the nanocellulose, and x stands for the
average aspect ratio (L/d) of fibrils.

A ‘“‘gel crowding factor’” was established by
Martinez et al. (2003) and Celzard et al. (2009) at
which fiber interact significantly. According to Marti-
nes and Celzard findings, fiber suspension becomes a
gel when N, is in the range of 16-60. Below this
value (N < 16), nanocellulose suspensions are essen-
tially diluted, whereas above this value (N > 60) they
completely immobilized, forming a rigid network.
Therefore, the critical mass concentration for nanocel-
lulose gelation could be determined by Eq. 2. (Wang
et al. 2013). The effect of degree of entanglement or
crowding factor on 3D printability of nanocellulose
suspension is still unclear and further studies are
needed.

Cp =16 <§>2: 16 (2)

x2

Gelation could be physical cross-linking, chemical
cross-linking or a combination of both processes.
Physical interaction usually forms a weak gel, which is
not strong enough for applications intended for tissue
engineering. The application required high mechani-
cal performance must be strengthened by ionic or
chemical cross-linking (Kirchmajer et al. 2015; Malda
et al. 2013). 3D cellulose nanocrystal aerogel struc-
tures are successfully printed by direct ink writing
with a wet-strength polyamide-epichlorohydrin cross
linker (Li et al. 2017b, 2018b). Adsorption of nonionic
polysaccharides, cations or other cross-linkers onto
nanocellulose could greatly increase the effective
volume fraction of dilute nanocellulose dispersions
and lower the requirement for the mass solid consis-
tency, thus tuning nanocellulose gelation (Chau et al.
2015; Fall et al. 2013; Hu et al. 2014; Mendoza et al.
2018; Zander et al. 2014). Addition of other hydrogel
materials, such as hyaluronic acid, gelatin, agarose,
and alginate, gives architecture with inter-penetrated
networks (IPN) architecture which enhances the
mechanical performance of the 3D construct. Several
studies have been reported to take advantage of this for
tailoring rheological properties and gelation behavior
of nanocellulose based 3D printing bioink. A nanocel-
lulose-alginate bioink was formulated by taking
advantages of the shear thinning properties of
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cellulose nanofibrils and the fast cross-linking ability
of alginate (Markstedt et al. 2015). All-wood-based
ink and 3D printed constructs were fabricated by
Gatenholm’s group. Nanocellulose and modified
xylan ink showed excellent printing properties and
remained intact after 3D printing (Markstedt et al.
2017). Recently, a photoactive bis(acyl)phosphane
oxides (BAPOs) modified CNC Hydrogels were
developed and used for 3D printing. The printed
shape-persistent and free-standing 3D constructs
exhibit improved mechanical performances and supe-
rior swelling ability (Fig. 13) (Wang et al. 2018).

Mechanical properties of the 3D printed hydrogels
are important to maintain structure integrity. Increase
the proportion of non-volatile hydrogel components
can prevent volume shrinkage, maintaining the
integrity of the 3D structures after curing or solifica-
tion (Hakansson et al. 2016b; Leppiniemi et al. 2017).
However, high concentrations of polymer in hydrogels
may be detrimental to cell proliferation, migration,
and adhesion (Gatenholm et al. 2016; Malda et al.
2013). Hence, the need for coordinating of hydrogel
concentration becomes an important factor controlling
the performance of 3D printed products.

Fig. 13 3D printed CNC-BAPO objects. Reprinted with
permission from Wang et al. (2018)
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Improving the deposition process on the quality of
inter-layer bonding and understanding the material
diffusion process of cellulose hydrogel in multi-layers
could greatly enhance the performance of cellulose
hydrogels in 3D Printing. The inter-layer bonding
between the 3D printed methylcellulose/alginate
hydrogel was significantly improved by the incorpo-
ration of a trisodium citrate solution (TCS), acting as a
calcium ions chelating agent (Li et al. 2017a). It was
found that TSC concentration and volume in the
chelating process, and the Ca** concentration during
cross-linking are important to improve the interfacial
bonding. Up to 150 layers 3D constructs with high
shape fidelity were printed.

Assessment of printability and shape fidelity of 3D
printed constructs

Due to the complexity of rheology behavior and fluid
dynamics models, a rapid and facile assessment
method for hydrogel dispensing process and perfor-
mance is urgently needed for researchers to develop
new ink formulations (Paxton et al. 2017). Standard-
ized methods to evaluate printability of hydrogel do
not yet established. Existing printability analysis of
inks formulations with other research materials was
conducted and could be used for cellulose based
bioink printability assessment. The printability of the
ink was not only affected by the ink rheological
parameters, viscoelasticity and gelation behaviors, but
also affected by printing parameters such as extrusion
force, feedrate, printing distance, holding temperature
and time, and interlayer diffusion in different 3D
printing instruments with different techniques.
Prevalently, the printability of hydrogels was
qualitatively judged by visual inspection, manual
measurements and automatically measurement with
digitalized photos of quality/fidelity after printing (He
et al. 2016; Malda et al. 2013; Murphy et al. 2013).
Ribeiro et al. (2017) proposed a method to quantita-
tively evaluate the printability of inks based on shape
fidelity. Gatenholm et al. (2016), reported an S test for
printability by weighing the printed ‘S’ parts. More
recently, a semi-quantification method for printability
(Pr) based on the analysis of optical images of printed
constructs was proposed by Ouyang et al. (2016), Kyle
et al. (2017). For an ideal printability status, the
interconnected channels of the constructs grids would
demonstrate  square shape. Otherwise, poor

printability was reflected by the deterioration of shape
fidelity. The printability (Pr) based on square shape
was defined by the following function:

T lin L? 7L2 (3)
4 C 4 47A  16A
__47A

where L is perimeter and A is area, and C = =5 means
circularity.

However, these methods only reflect the outer
surface, lacking intrinsic information with the printing
material. Rapid, comparable and reproducible charac-
terizations of the printability of inks are urgently
needed. Derby defined Z, a combination of fluid
properties and printer parameter, as printability
parameter for inkjet printing with printable fluids
(Fig. 14) (Derby 2010, 2015; Gunasekera et al. 2016):

Vapd
n

where p means density, # means viscosity, ¢ means
surface tension and d means nozzle length.

The acceptable range for printability parameter, Z,
is between 1 and 10, in which stable drop could be
formed for inkjet printer. With other parameters
constant, the printability parameter Z could be used
to estimate the printability of specified ink.

These proposed quantitative accessments of print-
ability make potential ways for fast, reliable, repro-
ducible comparisons between samples.

A simple and easy two step screening process for
the development and formulation of bioinks with good
printability was proposed by Paxton et al. (2017)
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Fig. 14 Printable fluid region defined by Reynolds number
(Re) and Weber number (We). Reprinted from Derby (2015)
under the Creative Commons Attribution License
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Fig. 15 A two-step
assessment for bioink
printability. Reprinted from
Paxton et al. (2017) under
Creative Commons
Attribution Licence

drop or fibre
formation

(Fig. 15). The fomulation of the bioink should be
optimized based on 3D printing experiments and
bioink properties characterization. Molecular design
criteria and strategies for 3D printable supramolecular
or macromolecular hydrogels are proposed based on
rheological  considerations and  cross-linking
approaches by Jungst et al. (2016). Gatenholm devel-
oped generic design rules for 3D printing bioink
formulations containing nanocellulose, which lead to
the commercialized a nanocellulose/alginate based
bioink as CELLINK (Fig. 16).

The printability and shape fidelity of cellulose
hydrogel were not only affected by its inherent
properties as discussed above, but also affected by
printer/printing parameters, such as nozzle size, feed
rate, pressure, printing angle, and distance between
nozzle and substrate (He et al. 2016; Kyle et al. 2017;
Zhao et al. 2015). The printing parameters choose for
each cellulose sample had to be optimized to improve
both printability and shape fidelity. The optimum
parameters for an extrusion based 3D printer are the
conditions at which continuous filaments with a
uniform diameter could be deposited (Leppiniemi
et al. 2017).

Cellulose solution for 3D printing

It was interesting to see cellulose solvent solutions
(i.e., ionic liquid, NMMO) were used as inks for 3D
printing. Markstedt et al. (2014) exhibited the first
demonstration of microextrusion bioprinting with the
solution of cellulose in ionic liquid to fabricate three-
dimensional objects. Recently, similar research per-
formed by Gunasekera et al. (2016) demonstrated that
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the existence of a co-solvent together with an ionic
liquid is able to manipulate cellulose solution print-
ability to a favorable 3D ink-jet printing range. Similar
work was reported by Li et al. (2018a) with cellulose/
NMMO solution. Cellulose concentration is relatively
low (i.e. < 5%) in these study and the solvents must be
removed by adding anti-solvent, resulting in limited
dimensional stability and a low density structure.
Pattinson and Hart create a new cellulose 3D printing
process with a high cellulose loading (25-35 wt%) in
acetone solutions. The pressure-flow behavior of
cellulose acetate in acetone solution was systemically
investigated to make a balance between printability,
and fidelity of the extruded line. 3D printed cellulose
acetate constructs have been achieved via extrusion
followed by acetone evaporate. Post NaOH treatment
could convert cellulose acetate into cellulose by
deacetylation. The modulus and strength of 3D printed
cellulose acetate objects were comparable to that of
PLA or ABS counterparts. Deacetylation by NaOH
treatment further increased the mechanical properties
attributed to the newly formed hydrogen bonding,
significantly exceeding the mechanical properties of
PLA, ABS, and Nylon (Fig. 17) (Pattinson and Hart
2017). One limitation of 3D printing with cellulose in
solvent solution is that ionic liquid or organic solvents
could possibly dissolve polymers used in most print-
heads and tubes. The customized 3D printer should be
designed to avoid the possible destruction of the
solvent (Chia and Wu 2015).
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Fig. 16 Flow chart of the
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characterization of bioink.
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Fig. 17 3D printing with cellulose acetate in acetone solution
and 3D printed objects. Reprinted with permission from
Pattinson and Hart (2017)
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Shear induce alignment of nanocellulose in 3D
printing process

The shear-induced alignment of anisotropic CNC
suspension enables the 3D printed objects with
enhanced mechanical properties in the longitudinal
direction. Textured cellular CNC architectures were

improve the mechanical performance of 3D printed
structures, the alignment of CNC along the flow
direction and at the interface between two adjacent
filaments were determined and optimized (Siqueira
et al. 2017).

The alignment process of cellulose nanofiber in a
flow focusing channel has been systematically studied
and modeled by Hakansson (2015), Hakansson et al.
(2014, 2016a) (Fig. 18). Shear induced alignment of
nanocellulose during 3D printing was also reported by
Lewis and her team (Fig. 19) (Gladman et al. 2016).
Taking advantage of anisotropic swelling behavior,
bioinspired programmable structures that alter shape
by water-soaking were fabricated, forming complex
3D geometries.
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Fig. 18 Shear induced alignment of nanocellulose in 3D printing process. Reprinted from Hakansson et al. (2014) under the Creative

Commons License and with permission from Siqueira et al. (2017)

3D printing with functionalized cellulose hydrogels

With the broad chemical modifying capacity, cellu-
lose hydrogel could be chemical functionalized with
different types of functional molecules. In a more
recent study (Leppiniemi et al. 2017), nanocellulose-
alginate hydrogels was bioactivated by the covalent
attachment of avidin to cellulose. The 3D printed
avidin-functionalized nanocellulose — alginate con-
structs could immobilize the bioactive components via
biotin — avidin interaction, indicating the potential
wound dressing applications. The incorporation of
functional chemicals in the printing ink such as
antimicrobial agents (i.e., toluidine blue and rose
bengal), conductive particles (i.e., silver nanoparticle,
carbon nanotubes, graphene, polypyrrole) (Fu et al.
2017; Li et al. 2017c; Nechyporchuk et al. 2017; Park
et al. 2017; Rymansaib 2016), or magnetic nanopar-
ticles could also be used as strategy for fabricating
functional 3D printed constructs.

3D printing with cell-laden cellulose hydrogels

Cell-laden cellulose hydrogel scaffolds were fabri-
cated by 3D printing and the effects of nozzle size and
shape, and other printing parameters on cell viability
was investigated. Fibroblast and hepatoma cells-laden
cellulose nanocrystal/alginate hybrid scaffolds were
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printed with cell viabilities of 71.00% and 67.06% on
day 0, 58.91% and 49.51% on day 3, respectively (Wu
et al. 2018). The possible reason for this low cell
viability may be due to the lack of cell-binding sites in
the hydrogel. Human chondrocytes-laden nanofibril-
lated cellulose—alginate based bioink showed a cell
viability of 73% after 1 day and 86% after 7 days,
respectively (Markstedt et al. 2015). It was found that
the 3D printing process had no significant influence on
cell vitality with the optimal bioink formulation and
printing parameter (Avila et al. 2016). A recent study
conducted by Nguyen and coworker found that
human-derived induced pluripotent stem cells (iPSCs)
and irradiated chondrocytes-laden nanocellulose/algi-
nate bioink is suitable for bioprinting of cartilage. A
noticeable increase in cell number and good survival
rate after printing was detected (Nguyen et al. 2017).
3D scaffolds with uniform adipocytes cell distribution
were fabricated with nanocellulose and hyaluronic
acid bioink. The cell viability was 95% after 1 week
culture. It was noticed that more lipids are accumu-
lated in the cell and more adipogenic marker genes
PPARy and FABP4 are expressed in 3D printed
scaffolds than standard 2D cells culture (Henriksson
et al. 2017). It was fond that a proper extrusion
pressure and shear stress is a key factor to maintaining
high cell integrity and cell viability (Blaeser et al.
2016; Muller et al. 2017).
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Fig. 19 Flower morphologies fabricated by biomimetic 4D printing. Reprinted with permission from Gladman et al. (2016)

Inkjet based 3D printing of cellulose hydrogels

Regular inkjet printers generally require relatively low
viscosities (< 20 mPa.s). Viscosity-solids data listed
by Hubbe et al. (2017) under the conditions of a shear
rate of 1 s™' from 40 studies indicated that viscosities
of cellulose hydrogel are in the range of 10~ to 10*
Pa.s. Co-solvents were added to cellulose/ionic liquids
solution to increase cellulose concentration and lower
the overall viscosity to meet the requirement for 3D
ink-jet printing (Gunasekera et al. 2016). Cellulose
nanofibril-based inks were 3D inkjet printed onto
cellulose fabrics for a potential application in e-textile.
This all cellulose approach increased the compatibility
between the inks and the substrate (Nechyporchuk
et al. 2017). More studies related to the affinity of the
cellulose based ink to cellulose fabric; durability and
function loss during wear are needed to perform.

3D Spinning of cellulose hydrogels

Combination of electrospinning and 3D printing could
be used to fabricate 3D constructs with various nano-/
microfibrous hierarchical structures, accomplished by
changing electrospinning apparatus and processing
parameters (Yang et al. 2018). Freestanding 3D
electrospinning cellulose acetate/pullulan scaffolds
with adjustable thickness were successfully developed
for the first time by Tezcaner’s group (Atila et al.
2015). Through optimization of the parameters for
cellulose acetate/pullulan solution, scaffolds with
ultrafine filaments in nano/micro scale size, the
smallest being lower than 10 pm, could be fabricated.
It was also reported that cellulose derivatives and
Toncell-F fibers were 3D spun on textiles (Lundahl
et al. 2017).
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Application of 3D printed cellulose materials
and future direction

Natural lignocellulose based materials, such as wood,
cotton, etc. have been used as engineering materials in
forest products, pulp and paper, and textiles industries
for centuries. With the developing of 3D printing
technology, 3D printing with lignocellulose materials
for engineering materials applications is recently
developed. As mentioned above, lignocellulose mate-
rials exhibit many interesting properties, including
sustainability,  hydrophilicity, = biocompatibility,
biodegradability, non-toxicity and broad chemical
modifying capacity. Cellulose materials have been
widely used for decoration elements, medical appli-
cation, biological devices, electronics, energy storage,
as well as textiles applications. Critical review articles
on cellulose chemistry and application from different
perspectives are available (Giese et al. 2015; Habibi
2014; Habibi et al. 2010; Klemm et al. 2005, 2011;
Moon et al. 2011; Shatkin et al. 2014; Wu et al. 2013;
Zhu et al. 2016; Shen et al. 2016). Nowadays, 3D
printing is widely used not only for prototypes but also
for functional end use products. 3D printed cellulose
materials in combination with other polymers are
being studied extensively for versatile applications
(Gatenholm et al. 2016; Li et al. 2016b; Ligon et al.
2017, Piras et al. 2017; Sultan et al. 2017).

3D printing with cellulose materials for medical
applications

3D printing technology is believed to revolutionize
medicine. As for tissue engineering and drug delivery,
regenerative medicine and wound healing this is
where the application of 3D printing of cellulose
hydrogels becomes particularly interesting to scien-
tists in developing novel formulations with exciting
properties to meet the requirement for clinic applica-
tions (Dumanli 2017; Ligon et al. 2017; Studart 2016).
Nanocellulose-alginate double network 3D constructs
with remarkable performance have been developed
and evaluated by Gatenholm group and commercial-
ized for research community (Markstedt et al. 2015;
Avila et al. 2016; Gatenholm et al. 2016; Hakansson
et al. 2016b; Henriksson et al. 2017; Miiller et al. 2017;
Nguyen et al. 2017). 3D printed cell-laden nanocel-
lulose-alginate bioink show an 85.7 £ 1.9% cell
viability after 7 days of cultivation. Cell viability,
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proliferation, migration in cellulose based hydrogels
could be affected by a group of 3D printing param-
eters, which has not been fully explored yet (Holzl
et al. 2016). 3D printed cell-laden alginate/methylcel-
lulose constructs also showed high viability after
3 weeks of cultivation (Schutz et al. 2017). The
potential medical applications of 3D printed cellulose
constructs are exciting. However, there are still
numerous obstacles to be overcome. Cellulose nano-
materials haven’t been officially approved for tissue
engineering application. There is a long way ahead to
go for 3D printed cellulose materials before getting
into the clinic.

3D printing has been also extensively investigated
for wound dressing and drug delivery (Rees et al.
2015; Ursan et al. 2013; Yu et al. 2009). 3D-printed
functionalization nanocellulose-alginate wound dress-
ing products are tailored to meet the needs in
controlled release of therapeutic molecules and cell-
based applications. The customized wound dressing
products enable gradual release with active ingredi-
ents (Leppiniemi et al. 2017). Human adipose mes-
enchymal stem cell decorated and glutaraldehyde
cross-linked nanocellulose threads was fabricated to
relieve inflammation and improve wound healing
(Mertaniemi et al. 2016). The first 3D printed drug
product approved by US Food and Drug Administra-
tion (FDA), Spritam® is available in the US market.
Different type of cellulose and its derivatives, such as
microcrystalline cellulose, hydroxypropyl methylcel-
lulose, and ethylcellulose, working as thickening
agents, rheology modifiers or acting as a drug carrier
were used in 3D printing (Goole and Amighi 2016).
Properties of drug matrices play a vital role in drug
release profiles. Personalized drug release profiles
were manipulated by tailoring the drug formulation
and geometry in 3D printing process. Independently
controlled and well-defined release profiles of differ-
ent drugs in one pill were achieved by Khaled et al.
(2015).

3D printing with cellulose materials for electronics
applications

Works have been done in the development 3D
structured cellulose materials for flexible electronics,
such as battery, supercapacitor, wearable electronics
and sensors, which are expected a more widespread
usage (Du et al. 2017; Hoeng et al. 2016; Jia et al.
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2017a; Li et al. 2016b; Penttild et al. 2013) 3D printing
can well control the geometry of the printed electron-
ics. The performance of electronics devices fabricated
by 3D printing typically outweighs their traditionally
manufactured counterparts (Zhang et al. 2017). 3D
printing of designed battery electrode pastes with
conductive cellulose composites is demonstrated. A
three-layered lithium battery consists of 3D printed
anode, electrolyte, and cathode pastes was developed,
which shows a great potential for low-cost energy
storage and flexible electronics (Park et al. 2017).
Highly conductive (649 + 60 S cm™') microfibers
were fabricated by extruding the NFC and GO gel, or
NFC and carbon nanotube gel (Li et al. 2014, 2017¢).
Similar work was done by Shao et al. (2015),
microfibrillated cellulose/lignosulfonate construct
were 3D printed and carbonized as an anode in Li-
ion batteries, showing highly conductivity (550-500 S
m~"). A novel low temperature 3D printing technol-
ogy with nanocellulose hydrogel as raw material
resulted in production of porous, conductive anode
material for microbial fuel cells, showing excellent
performance over carbon fiber cloth electrodes (Ry-
mansaib 2016). Those cellulose-based conductive
materials could also be used for flexible sensors
fabrication. 3D printed sensors could be possibly
integrated into packaging for in situ food quality
monitoring, and wearable textiles that would be
capable of monitoring heart rate, blood pressure, and
the state of movement. An novel nanocellulose/CdS
quantum dot photoelectric ink was fabricated, which
exhibits excellent printability, it could therefore be
used in 3D printing for electronic devices (Tang et al.
2016).

Other application

3D printing with cellulose material for smart packag-
ing and textile applications is developing rapidly and
looks more promising. With good mechanical perfor-
mance and excellent flexibility, printed cellulose
structures are suitable for textile applications (Hu
and Cui 2012). Electronic textiles are fabricated with
inkjet-printed cellulose nanofibril-base conductive
composite, which could be used for flexible, wearable
sensors and displays (Nechyporchuk et al. 2017). An
all-cellulose approach for surface tailoring and func-
tionalizing fabrics was manufactured by 3D printing
with cellulose acetate on cellulose fabrics. The

products exhibits excellent mechanical durability
and flexible structures (Tenhunen et al. 2018). It was
reported that paper microfluidics for sensing platforms
was fabricated by matrix-assisted 3D printing of
cellulose nanofiber (Shin and Hyun 2017). The
application of 3D food printing with cellulose
nanofiber as dietary fiber for development of healthy,
customized snack products has been also reported
(Lille et al. 2018). 3D printing technologies introduce
flexibility for food industry and allow designing food
with alternative ingredients and complex shapes.
Although a number of cellulose-based materials with
excellent performances have been fabricated by 3D
printing, the potential has not been fully explored yet.

Summary and perspective

This paper presents the development and assessment
of 3D printing with cellulose materials. The formula-
tion development and assessment parameters
involved, especially for extrusion based 3D printing,
including cellulose hydrogel rheology, fiber entangle-
ment, fiber alignment, gelation, printability and shape
fidelity, and processing parameters are examined and
reviewed with the literature to illustrate the developing
process. The functionality of 3D printing cellulose
materials via cellulose surface modification or via the
incorporation of functional materials was achieved. A
deeper understanding of cellulose properties and 3D
printing process help us speed up the development of
new cellulose material for advanced applications.
Although significant developments were achieved
via 3D printing with cellulose materials aimed for a
variety of applications, the potential has not been fully
explored yet. The 3D printed cellulose material
properties, such as strength are generally inferior
compared to their counterparts obtained by conven-
tional manufacture processes due to the insufficient
interlayer bonding. With the development of cellulose
chemistry and process technology, cellulose materials
should be tailored made and their properties should be
tuned according to the 3D printing technology
employed or the specific requirements for different
applications. By biomimetic of the fascinating capa-
bilities of natural materials, cellulose may be used as
the main building block for 3D printed constructs.
Further investigations are needed to evaluate the
cellulose performance in 3D printing. High-
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throughput techniques to screen the formulation of
cellulose based materials for 3D printing are missing.
General criteria and design strategies to evaluate
performance cellulose materials in 3D printing are
required. Standard assessment methods for printability
of cellulose based inks are needed. 3D printing with
cellulose materials is only just beginning and major
breakthroughs are expected to come true in the near
future.
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