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Abstract: Additive manufacturing, commonly referred to as 3D printing, is an exciting and versatile
manufacturing technology that has gained traction and interest in both academic and industrial
settings. Polymeric materials are essential components in a majority of the feedstocks used across
the various 3D printing technologies. As the environmental ramifications of sole or primary reliance
on petrochemicals as a resource for industrial polymers continue to manifest themselves on a global
scale, a transition to more sustainable bioderived alternatives could offer solutions. In particular,
cellulose is promising due to its global abundance, biodegradability, excellent thermal and mechanical
properties, and ability to be chemically modified to suit various applications. Traditionally, native
cellulose was incorporated in additive manufacturing applications only as a substrate, filler, or
reinforcement for other materials because it does not melt or easily dissolve. Now, the exploration of
all-cellulose 3D printed materials is invigorated by new liquid processing strategies involving liquid-
like slurries, nanocolloids, and advances in direct cellulose solvents that highlight the versatility and
desirable properties of this abundant biorenewable photosynthetic feedstock. This review discusses
the progress of all-cellulose 3D printing approaches and the associated challenges, with the purpose
of promoting future research and development of this important technology for a more sustainable
industrial future.
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1. Introduction

Cellulose is the most abundant biopolymer on the planet with >900 Gt present in
existing global standing crops, and cellulose is renewed in the biosphere at a rate of ~85 Gt
per year [1]. In nature, it serves to give structure to plant cell walls, allowing plants to resist
external loads like wind and rain, while also supporting their own weight [2]. Its inher-
ent mechanical strength as well as biocompatibility, thermal stability, electrical insulation,
chemical functionality, and non-allergenic properties make it an especially interesting candi-
date material for 3D printing [3]. Numerous hydrophilic hydroxyl functional groups along
the cellulose backbone make it readily derivatized, surface-grafted, and functionalized to
respond to a wide range of environments and stimuli (electric, magnetic, moisture, light,
pH, heat, etc.) [4,5]. However, because cellulose does not melt and it has historically been
difficult to dissolve due to its crystallinity and prevalent hydrogen bonding networks, there
have been challenges associated with developing cellulose-based feedstocks with sufficient
liquid-like character to be suitable for processing by additive manufacturing [6,7]. As such,
up to this point, native cellulose has primarily been used as a filler/reinforcement or matrix
component in 3D printing applications. This is now changing with the development and
adaptation of tailored solvent systems, derivatization, and nanocolloids/dispersions that
convert cellulosics into processable liquid forms. Cellulose’s intrinsic properties of strength,
stiffness, hydrophilicity, and shear thinning behavior in solution/suspension make it highly
attractive for additive manufacturing applications as a mechanical reinforcement, func-
tionalizing agent, rheology modifier, and primary feedstock component (Figure 1). A
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particularly compelling aspect of fabrication with cellulose is that the re-establishment
of cellulose hydrogen bonding networks after solvent removal supports the formation of
coherent solids after deposition.

All-cellulosic 3D printing materials will be the focus of this review due to the potential
garnered by their biobased raw material abundance, excellent thermal and mechanical
properties, chemical versatility, and biodegradability. While prior reviews have detailed the
incorporation of cellulosic materials in 3D printing—organized by cellulose type [8,9], 3D
printing technology [5,10], or application [2,4]—this review is dedicated entirely to research
focused on an all-cellulose approach to 3D printing. The discussion provides an overview
of the different approaches to developing and utilizing all-cellulosic 3D printing materials,
including the types of cellulosic material used, feedstock formulations, processing and
finishing techniques, end uses, and future perspectives. The goal of synthesizing this
information is to inspire the future development of these technologies.
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Figure 1. Schematic of the cellulose hydrogen bonding network (left) [11] that contributes to the
excellent mechanical properties of cellulose solids, and the shear thinning viscosity properties (right)
of cellulose solutions and dispersions that can be leveraged for additive manufacturing [2].

2. Cellulosic Materials for 3D Printing

Cellulose and its derivatives come in many forms, from many different sources. At
a high level, cellulosic materials can be divided into two groups: derivatized and non-
derivatized. Derivatized cellulose materials are those that are chemically modified via
the highly reactive hydroxyl groups in natural cellulose to achieve desired properties.
Industrially, the starting material for derivatized, or functionalized, cellulose is most often
dissolving pulp from wood or cotton linters [12]. All other forms of cellulose that retain the
chemical identity of naturally occurring cellulose are considered to be non-derivatized, even
though they may be modified with respect to properties such as crystallinity and degree
of polymerization [2]. In Figure 2, all-cellulose 3D printing feedstocks were classified
according to whether they formed homogenous solutions or suspensions/dispersions,
highlighting the types of cellulose commonly used for each.
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2.1. Cellulose Sources

Regardless of whether the cellulose is eventually derivatized, it must first be extracted
from biological material. There have been recent efforts towards the in vitro synthesis
of cellulose without the need for isolation from native matter, as described in a recent
review by Lehrhofer et al. [13], but they have yet to be successful to a degree that would
be competitive with well-understood industrial extraction processes and are thus outside
of the scope of this review. The vast majority of industrial cellulose is isolated from plant
matter, but there is also a growing sector that harvests cellulose from microorganisms (i.e.,
bacterial cellulose) [14,15]. In plant fibers, cellulose is accompanied by two other primary
components, lignin and hemicellulose, and is separated from those components during
extraction [16]. The fraction and quality of cellulose in a plant fiber is dependent on a
number of conditions including the type of plant and growth conditions such as location
and climate [17]. Cotton, for example, does not contain any lignin, and mature fibers
are typically composed of >90% cellulose with small amounts of proteins, pectin, and
wax [18,19]. Cotton cellulose is also characterized by a higher degree of polymerization
(DP) and crystallinity than wood cellulose [20], and the cotton fiber itself has a long thin
flexible shape that makes it especially suited for twisting into yarns. These properties
play an important role in determining typical cellulosic product uses and the macroscopic
properties of those products (i.e., cotton textiles vs. wood-based paper goods and vis-
cose/rayon). Thus, the choice of cellulose source is consequential in developing an additive
manufacturing ink with targeted properties.

The most common industrially relevant methods of cellulose extraction from biomass
are pretreatments to remove waxy components, either acid or base hydrolysis of amorphous
regions to extract lower DP/higher crystallinity cellulose, and a bleaching step to remove
natural colors, all of which are typically accompanied by mechanical agitation [14,21,22].
Common agents for each of these steps include ethanol, toluene, or petroleum for the
pretreatment; hydrochloric or sulfuric acids for acid hydrolysis; sodium or potassium
hydroxide and organic solvents for base hydrolysis; and sodium chlorite with hydrogen
peroxide for the bleaching step [16,17,21–24]. Woody biomass also requires a delignifica-
tion step to isolate cellulose from lignin, which can be carried out through a number of
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different chemical and/or biological methods according to the target end uses of the lignin
and cellulose [25]. Interest in the development of more mild, environmentally friendly
processing techniques has resulted in the use of enzymatic methods to mimic the natural
processes of breaking down biomass such as wood pulp into useful cellulosics such as
cellulose nanofibers, as reported in the work by Henriksson et al. [26]. Enzyme-mediated
processes have also been explored for the extraction of microcrystalline cellulose fragments
from cotton-containing apparel materials to promote more circular methods of sourcing
cellulose for industrial applications [27,28]. The specifics of a required extraction treatment
(i.e., agents, concentration, time) are governed by the desired properties of the cellulose
and, in the context of additive manufacturing applications, vary based upon the target
printing methods and applications.

2.2. Derivatized Cellulose

Derivatized cellulosic materials are of particular relevance in the development of
solution-based 3D printing materials. As mentioned previously, natural cellulose is diffi-
cult to dissolve at even intermediate degrees of polymerization; therefore, derivatization
presents useful pathways towards overcoming this challenge and synthesizing materials
that can be processed more similarly to traditional additive manufacturing materials [2,9,29].
Cellulose acetate (CA) is one such material, and is generally made via the acetylation of
the hydroxyl groups by a reaction with acetic anhydride, acetic acid, and sulfuric acid [30].
CA has a number of advantages as a 3D printing material, including the low cost and
abundance of its starting raw material (i.e., dissolving pulp), biodegradability under certain
controlled conditions [31], stability in water, biocompatibility [32], and thermomechanical
stability [33]. CA’s primary advantage over non-derivatized cellulose is that it does not
require the use of harsh or uncommon solvents in order to generate a 3D printing feed-
stock [34]. Pattinson and Hart successfully prepared a flowable (but sufficiently viscous)
printing feedstock by dissolving CA (25–35 wt%) in acetone [35]. The use of acetone resulted
in a facile process in which acetone would evaporate upon dispensing from the nozzle,
allowing for the layer-by-layer printing of a solid CA design. Tenhunen et al. employed
two acetylated cellulose derivatives, CA and acetoxypropyl cellulose (APC), dissolved
in acetic acid (30 wt%) and acetone (80 wt%), respectively [36]. The resulting paste-like
printing materials were notably of viscosities compatible with a commercial extrusion
printer, highlighting the promise of derivatized cellulosic materials for direct printing appli-
cations. Overall, CA and similar acetylated cellulose derivatives have been demonstrated
in various studies to be readily dissolved in common solvents yielding highly processable,
biobased additive manufacturing feedstocks [34–37]. Other cellulose derivatives that were
studied for their application as 3D printing materials include hydroxyethyl cellulose (HEC),
carboxymethyl cellulose (CMC), and hydroxypropyl cellulose (HPC) [38–40]. Key factors
in the use of derivatized cellulose that are uniquely optimized/accounted for in each study
include solvent selection, cellulosic concentration, shear thinning behavior, gelation time,
and shrinkage upon solvent evaporation.

2.3. Non-Derivatized Cellulose

By contrast, non-derivatized cellulose materials such as cellulose microfibers (CMF),
nanofibers (CNF), microcrystalline cellulose (MCC), cellulose nanocrystals (CNC), and
bacterial cellulose (BC) are less easily solubilized. In order to achieve this, the cellulose must
be treated with solvents such as ionic liquids or N-methyl morpholine N-oxide (NMMO),
the solvent used in the production of lyocell [41]. In an exemplary study, Markstedt et al.
made solutions of dissolving pulp and bacterial nanocellulose in the ionic liquid 1-ethyl-
3-methylimidazolium acetate (EmimAc) with cellulosic concentrations ranging from 1 to
4 wt% [42]. A similar methodology was reported in a study by Gunasekera et al., in which
two different ionic liquids, EmimAc and BmimAc (1-butyl-3-methylimidazolium acetate),
were mixed with the cosolvents 1-butanol and DMSO in order to perform material jetting
with a feedstock containing microgranular cellulose of up to 4.8 wt% [43]. Ionic liquids
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have a number of desirable qualities, including low temperature processing (generally
50–80 ◦C with some reports of room temperature processing), efficient solvent recovery, and
low volatility compared to conventional solvents [44]. However, the use of non-derivatized
cellulose, even with advanced solvents, still typically yields feedstocks with lower cellulose
concentrations compared to those achieved with their derivatized counterparts. As a result
of the greater difficulty in reaching sufficient solubilization, non-derivatized cellulosics have
more frequently been incorporated in aqueous suspensions or dispersions when studied for
their use as 3D printing materials. Derivatized cellulose can be homogeneously dissolved
in common solvents, but non-derivatized cellulose requires more advanced solvent systems
to achieve suitable rheological characteristics for printability. Non-derivatized, aqueous
cellulose suspensions are achievable at moderate concentrations.

3. Printing Methods

Additive manufacturing (AM) describes a set of manufacturing techniques in which
objects are built from the bottom up, layer-by-layer, instead of traditional “subtractive”
manufacturing in which objects are created by the removal of excess material from a bulk
starting material [45]. Although historically differentiated from more broad definitions
of additive manufacturing as a method of rapid prototyping, three-dimensional (3D)
printing is now also an established AM method for making end-use products, and the
terms are generally used interchangeably. The seven main types of 3D printing are material
extrusion, powder bed fusion, directed energy deposition, vat photopolymerization, sheet
lamination, material jetting, and binder jetting. More specific technical classifications within
these categories are distinguished by factors such as the printing material, energy source,
printing speed and resolution, printed object properties, and primary applications [46].
Indeed, 3D printing offers a range of advantages including on-demand, easily modifiable
design; reduced raw material storage, consumption, and waste; and ease of design and
manufacturing distribution (i.e., with digital designs) to allow for localized production [47].
All of these factors together mean that 3D printing is not bound by traditional economies of
scale and, as such, is particularly attractive for prototyping, made-to-order, and customized
production [8].

Additive manufacturing is a rapidly growing industry. In particular, material extru-
sion (MEX) fabricators are now prevalent, especially with the commercialization of more
affordable models. Extrusion mechanisms can be broadly classified as either thermal or
nonthermal MEX. In thermal MEX, a thermoplastic polymer is melted and directly extruded
layer-by-layer, where it cools to solidify and form a 3D structure [48]. However, cellulose
and its derivatives are generally not thermoplastic. Cellulose acetate is an exception, but its
melting temperature (>250 ◦C) is significantly higher than those used in typical additive
manufacturing processes and its high viscosity makes it unsuitable for extrusion with-
out the incorporation of a plasticizing agent [49,50]. As a result, alternative, nonthermal
material deposition and processing techniques are employed for all-cellulose 3D printing
applications. With cellulose-based feedstocks, 3D printing proceeds via the creation of
solutions, suspensions, and pastes with carefully controlled rheological properties to enable
material extrusion. The shear thinning (specifically, thixotropic) behavior of these cellulose-
based materials, and bioinks in general, as they are extruded and subsequently solidified, is
of particular importance [51–53]. As material is extruded from a nozzle during 3D printing,
it experiences a shear stress determined by nozzle size, printing pressure, and the viscosity
of the printing feedstock [54]. The thixotropic behavior causes the viscosity of the feedstock
to decrease during extrusion due to the applied shear stress, and then, in the absence of
that stress, to regain its high zero shear viscosity and solidify or gelate [55]. This allows for
cellulose materials to be used in nonthermal AM techniques. For clarity and consistency,
herein we use the ISO/ASTM 52900 [56] terminology to describe different printing meth-
ods, while noting that terminology employed in the literature varies. Material extrusion,
material jetting, and vat photopolymerization (Figure 3) have all been demonstrated using
all-cellulose feedstocks, with material extrusion being the most common.
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3.1. Material Extrusion

In nonthermal MEX, a feedstock with suitable rheological properties (which are
achieved via feedstock formulation as opposed to heating) is deposited layer-by-layer
through a nozzle to fabricate a desired structure. Unlike the often single-step processes
associated with thermal MEX, nonthermal MEX of all-cellulose feedstocks is typically a
multi-step process requiring an additional solidification step such as solvent evaporation, a
coagulation treatment, or curing (Section 4) [57]. In MEX processes, a filament extruder is
replaced with a nozzle and fluid dispenser such as a syringe. This is a particularly advan-
tageous process for all-cellulose feedstocks because it does not require melting; cellulosic
materials exhibit shear thinning behavior, which improves printability during extrusion;
and, the rheological properties of the feedstocks can be finely controlled by varying cel-
lulose loadings and feedstock recipes [58,59]. Cellulose loading plays a critical role in
feedstock printability because there is much greater shear thinning behavior for cellulose
solutions with higher cellulose molecular weights (MW) and concentrations, whereas, in
sufficiently dilute regimes, solution flow behavior is approximately Newtonian [60–62]. If
the cellulose concentration is too low and exhibits nearly Newtonian behavior, the feed-
stock is not suitable for MEX because it will spread across the build surface upon extrusion
instead of retaining the print shape. These more liquid-like feedstocks are better suited
for non-extrusion-based techniques. MEX is compatible with both solution-based and
suspended or dispersed cellulose feedstocks with appropriate rheological properties.

There have been multiple successful demonstrations of MEX using cellulose deriva-
tives dissolved in common organic solvents such as acetone [35,36], acetic acid [36], and
ethyl acetate [37]. These solvents are convenient for MEX due to their high vapor pressures,
meaning that the solvent readily evaporates, leaving behind the solidified print without
the need for additional post-processing. Tenhunen et al. note that the careful optimization
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of solvent choice and cellulose concentration is critical in improving print shape fidelity,
inter-layer/print–substrate adhesion, and to prevent clogging of the printer nozzle [36].
In the process demonstrated by Pattinson and Hart, it was necessary to wait for complete
solvent evaporation between layers, which significantly slowed down the printing process
for formulations with higher (up to 35 wt%) CA concentrations [35]. The MEX printing of
non-derivatized cellulose solutions in ionic liquids [42,43], NMMO [63], and highly alkaline
NaOH/urea systems [64] proceeds in largely the same manner, with carefully controlled
material extrusion, although the cellulose concentration is typically below 5 wt%. Another
key consideration in using harsher solvents is that the substrate must be able to withstand
exposure without degrading [43]. Because these solvents are not as volatile as the organic
solvents suitable for cellulose derivatives, the prints also require post-processing steps
(Section 4) to aid in solidification.

MEX is also compatible with aqueous cellulose suspensions and dispersions [65–71].
However, with non-solution feedstocks, more care must be taken to achieve a homogeneous
distribution of cellulose in the print. One method to mitigate this issue, proposed by Li
et al., is to incorporate small amounts of TEMPO (1% on weight of CNF) in the feedstock
to formulate more uniform dispersions [68]. TEMPO radicals catalyze the oxidation of
primary hydroxyl groups to carboxylates, thereby increasing inter-fiber negative repulsive
charges and aiding dispersion [72]. During MEX, particles, such as CNC in the case of
Siqueira et al., tend to align according to the print direction enabling enhanced control
of final print properties such as tailored mechanical property directionality [66]. MEX is
also advantageous in that all of the studies cited in this section made use of commercially
available printing equipment with no or slight modifications meaning that, once a feedstock
is prepared, it can be readily incorporated into existing printing infrastructure.

3.2. Material Jetting and Vat Photopolymerization

While MEX is used in the majority of cellulose-based 3D printing, the versatility of
cellulosic materials means that other techniques such as material jetting and vat photopoly-
merization have also been explored. In material jetting (MJT) processes, individual droplets
are dispersed from the nozzle according to a predetermined pattern via non-contact de-
position [73,74]. Thus, MJT requires the use of feedstocks with lower viscosities (more
Newtonian behavior) than the extruded pastes used in MEX [75]. Gunasekera et al. de-
scribed using a commercial ink-jet printer to deposit up to 5 wt% cellulose dissolved in ionic
liquids, but noted that co-solvents (DMSO and 1-butanol) were required in order to meet the
viscosity requirements of the printer [43]. They also emphasized the importance of rigorous
viscosity measurements prior to printing, as well as the careful optimization of parameters
such as print head temperature, voltage, frequency, and waveform in order to achieve
stable drop formation. Single-layer MJT, like the array of drops demonstrated in their
work, also facilitates post-processing and solvent removal, making it an excellent option
for developing patterns with dissolved cellulose feedstocks. By contrast, vat photopoly-
merization (VPP) is not an extrusion-based technique and is thus far less limited by ink
viscosity. In VPP, a series of mirrors and lenses are used to project a light source onto a layer
of photopolymerizable material in a predetermined pattern. Each layer is cured according
to the “slice” of the 3D design that it corresponds to and the excess, uncured material is
removed at the end, leaving behind the final print [76,77]. VPP allows for extreme precision
(15–100 µm depending on projector and build plate) and relatively quick printing (curing
an entire layer at once), while also eliminating the need for supports when printing complex
geometries [78,79]. Cafiso et al. took advantage of this technique to fabricate hydrogel
composites comprising acrylated-carboxymethyl cellulose (a water-soluble cellulose ether)
reinforced with biowaste-derived CNC [39]. They used a slice thickness of 50 µm with a
curing time of 12–15 s/layer depending on the hydrogel composition. While thin layers
allow for thorough curing and fine geometric control, this could prove to be a limitation
for scaling up this technology as larger parts may require extensive print times compared
to the print speeds of extrusion-based techniques (Table 1). While it is a departure from
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all-cellulose formulations, the addition of methacrylated fillers has been demonstrated as
an effective method of reinforcing the hydrogels by inducing co-polymerization, creating
a denser crosslink network and resulting in greater shape fidelity and shorter printing
times [39,80].

Table 1. Exemplary printing metrics for different printing and processing methods.

Print Speed Solidification Time Print Feature Resolution

20 mm/s (MEX) [66]
12–15 s/layer (VPP) [39]

60 s (Solvent Evaporation) [35,36]
12 h (Freeze-Drying) [63]

30 min–2 h (Wet Densification) [43]
3 min (UV-Curing) [39]

~200 µm (MEX) [66,67]
21 µm (MJT) [43]
27 µm VPP [39]

4. Post-Processing

As mentioned previously, one of the key steps in additive manufacturing with non-
thermoplastic feedstocks is post-processing. Post-processing, for the purposes of this
discussion, describes any treatments or processing steps carried out after material extrusion
or printing in order to yield the final structure. In many cases, this step is performed after
the deposition of each layer to ensure structural integrity and shape fidelity, making long
print times a particular challenge for all-cellulose feedstocks. While printing techniques
(especially MEX) are versatile and applicable for a range of different cellulose feedstocks
and applications, the choice of post-processing technique is much more dependent on the
type of feedstock properties and target application. This may include solvent evaporation
or air-drying, freeze-drying, coagulation, UV-curing, or a combination of these (Figure 4).
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4.1. Solvent Evaporation

The most straightforward method, and the one most analogous to traditional thermal
MEX printing, is room temperature air-drying or solvent evaporation. This method has
been predominantly demonstrated for feedstocks containing cellulose derivatives that can
be solubilized in common organic solvents or nanocrystalline cellulose suspended in water
so as to facilitate evaporation and drying. However, solution-/suspension-based printing
is distinct from a melt–solidification process due to the effect of solvent incorporation on
the final print shape fidelity and density. Post-print shrinkage resulting from densification
as the solvent evaporates is a crucial consideration in the application of these formulations.
In comparing the use of acetone and acetic acid as solvents for CA and APC, Tenhunen et al.
found that slower evaporation using acetic acid was advantageous for CA-based feedstocks
as it enhanced printability and exhibited less shrinkage [36]. However, shrinkage can
be quantified under controlled drying conditions (i.e., temperature, relative humidity)
and subsequently accounted for in the initial digital design and printing parameters to
yield a part with the desired dimensions [70]. Pattinson et al. were able to achieve high-
density (void ratio of 13%), mechanically robust CA prints by allowing for complete drying
after each layer to regulate shrinkage and promote inter-layer adhesion [35]. Notably,
this required up to 60 s between layers for higher CA concentrations (35 wt%), limiting
print efficiency. As expected, greater cellulose concentrations result in greater shape
fidelity (less shrinkage) as the volume of evaporating liquid is reduced [36,70]. Thus,
non-derivatized cellulose feedstocks (which typically have cellulose content <10 wt%)
are particularly susceptible to shrinkage during drying compared to highly concentrated
derivatized cellulose feedstocks.

4.2. Freeze-Drying

In order to avoid the significant shrinkage due to densification associated with air-
drying, researchers have employed freeze-drying. During freeze-drying, the water content
of the printed parts is frozen and then pressure is decreased to allow for sublimation,
leaving behind voids or pores [81]. The deformable and shape recoverable parts fabricated
by Li et al. exhibited a porosity as high as 98%, with a volumetric density of 26 mg/cm3 [68].
Porosity is particularly advantageous for applications such as tissue scaffolding and drug
delivery, but represents a challenge with respect to mechanical strength [63,65,67]. Hakans-
son et al. compared the mechanical properties of identical cellulose nanofibril hydrogels
that had been prepared via air-drying vs. freeze-drying and found that the highly porous
freeze-dried samples had a mean ultimate tensile strength that was less than 5% of that
of their air-dried counterparts [82]. Freeze-drying is most compatible with aqueous sus-
pension cellulose feedstocks, as their solubilized counterparts require a solvent exchange
step to replace the solvent with water before freeze-drying, as exemplified by Li et al.’s
NMMO-solubilized formulation [63].

4.3. Coagulation/Wet Densification

This processing method relies upon the replacement of a solvent or liquid in which cel-
lulose is dissolved or suspended with a substance that interacts less strongly with cellulose,
promoting densification via an increase in intermolecular cellulose interactions. A good
solvent can be thought of as one for which the cohesive energy density (CED), the increase
in volumetric internal energy upon removal of intermolecular forces, is similar to that of
the particles in solution. Namely, particle–particle interactions are energetically similar to
solvent–particle interactions, resulting in a more homogenous solution. A mismatch in CED
would result in liquid-rich phases and particle-rich phases (precipitation) [71]. The most
common manifestation of this technique is applied for cellulose solutions in ionic liquids. In
this solute displacement process, a nonsolvent (water) interrupts cellulose interaction with
the ionic liquid by forming a hydrodynamic shell around the solvent ions. This allows for
the reformation of cellulose hydrogen bonds resulting in coagulation [83]. For very small
printed objects, like those deposited via MJT (~100 µm diameter), this can be accomplished
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by submersion in water, as demonstrated by Gunasekera et al. [43]. However, even in this
case, they utilized submersion times of up to two hours to ensure full solvent removal.
Markstedt et al. found that spraying water with an atomizing nozzle between MEX layer
depositions to circumvent lengthy submersion times proved ineffective as it resulted in
poor inter-layer adhesion [42]. As an alternative, they attempted to print inside of an agar
mold, which would allow water to continuously diffuse into the printed part from the
bottom. This method only worked for parts smaller than a critical size (8 mm in height),
after which the diffusion was too slow to allow for the proper gelation of subsequent
layers. As such, the primary shortcoming of this solidification method is the extensive
time required to achieve full solvent replacement for larger prints. In a slightly different
approach, Hausmann et al. gradually replaced the water (highly polar and interactive with
hydrophilic cellulose) of their aqueous feedstocks with organic solvents such as acetone,
acetonitrile, and ethanol [71]. In doing so, the less polar/cellulose-interactive replacement
solvents were less disruptive of inter-cellulose hydrogen bonding, yielding a densified final
product. Similar to the case of solvent evaporation or air-drying, coagulation/cellulose
regeneration techniques often result in significant shrinkage and loss of shape fidelity.
Nevertheless, these examples highlight important fundamental principles and practical
considerations that will help advance cellulose-based 3D printing technology development.

4.4. UV-Curing

UV-curing involves using UV light to promote polymerization, resulting in the
crosslinking and solidification of the print structure. It is typically much faster than
other post-processing methods and, if used as the printing method (i.e., VPP) instead of just
post-processing, enables high-resolution printing [84]. In the examples discussed herein,
the cellulose content of the formulations is derivatized cellulose (usually acrylated) to
facilitate photopolymerization. Incorporating other photoactive/crosslinking additives
may limit the sustainability and biocompatibility of the final prints, as common acrylic
and epoxide resins are derived from fossil fuels and, depending on their composition,
may be unsuitable for medical applications [82]. Cafiso et al. demonstrated the highly
efficient use of UV-curing for DLP printing and post-curing with 12–15 s cures between
layers and a 3 min post-cure while achieving a 27 µm print resolution (height ~1–2 cm) [39].
Achieving that resolution with a DIW printing method would take significantly longer
for a part of even moderate size (i.e., printing with a 27 µm nozzle) and the resolution
would likely not be retained due to the imperfect shape fidelity associated with other
processing methods. Also, Chan et al. noted that continuous UV exposure during printing,
and the associated quick crosslinking and gelation (layer cure time < 30 s), preserves the
as-printed microstructure, enabling further structural control of the final print [40]. While
there are a number of different tunable parameters, such as UV light intensity and energy,
the curing environment may also play a role in the polymerization process. For example,
Siqueira et al. performed UV-curing in a nitrogen atmosphere to avoid oxygen inhibition
of the photo-induced polymerization reaction [66]. UV-curing requires careful feedstock
preparation and, typically, a derivatization of the cellulose content, but allows for highly
detailed, efficient printing.

5. Print Properties and Applications

Tables 2 and 3 summarize the feedstock formulations, processing methods, and target
applications of selected demonstrations of all-cellulose 3D printing using suspension-based
and solution-based feedstocks, respectively. Cellulose, as an additive manufacturing feed-
stock, is both highly processable and versatile, enabling the development of 3D printed
objects with a wide range of properties and potential uses, with some examples high-
lighted in Figure 5. Notably, in contrast with traditional thermoplastic polymer feed-
stocks, print/processing methods and functionalization allow for the tunable control of
print properties.
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Table 2. Aqueous cellulose suspension recipes and 3D printing applications.

Cellulose
Content

Printing
Method

Solidification
Mechanism Product/Proposed Use Reference

CNC
(15 wt%) MEX Freeze-Drying Biocompatible porous structures Jia et al. [65]

CNC
(0.5–40 wt%) MEX Evaporation Solid structures Siqueira et al. [66]

CNC
(11.8–30 wt%) MEX Freeze-Drying Complex porous structures Li et al. [67]

CNF
(2.8 wt%) MEX Freeze-Drying/Oven Highly deformable, shape recoverable, and

functionalized solid objects Li et al. [68]

CNC
(1–5 wt%) MJT Evaporation Oil/water separating membrane Li et al. [69]

Enzymatically
fibrillated CNC
(15.5–25 wt%)

MEX Evaporation Objects with high mechanical properties Klar et al. [70]

CNC/CNF
(20 wt%/1 wt%) MEX Wet Densification Objects with high mechanical properties Hausmann et al. [71]

Table 3. Solubilized cellulose recipes and 3D printing applications.

Cellulose
Content Solvent 1 Printing

Method
Solidification
Mechanism Product/Proposed Use Reference

CA
(25–35 wt%) Acetone MEX Evaporation Objects with high

mechanical properties
Pattinson and

Hart [35]

CA
(30 wt%) Acetic Acid MEX Evaporation

Rigid structures,
refractive printing

material (reflective beads)
Tenhunen et al. [36]

APC
(80 wt%) Acetone MEX Evaporation

Flexible structures,
thermo-responsive

designs
Tenhunen et al. [36]

CA
(22 wt%) Ethyl Acetate MEX Evaporation

Anti-fouling cellulose
mesh for oil/

water separation
Koh et al. [37]

HEC
(10 wt%) Water Adapted MEX Evaporation Materials with

stiffness gradients Giachini et al. [38]

Acrylated-CMC
(2 wt%)

Water, BAPO-OH
(photoinitiator),

Green Dye
VPP UV-Curing Hydrogels Cafiso et al. [39]

Methacrylate-
functionalized HPC

(64–68 wt%)
Water MEX UV-Curing Objects with

structural colors Chan et al. [40]

BC, Avicel, and
Dissolving pulp
(each 1–4 wt%)

EmimAc
(≥90%) MEX Coagulation Porous gel structures Markstedt et al. [42]

MCC
(1–4.8 wt%)

EmimAc (>95%),
BmimAc (>95%);

rheology modifiers:
1-butanol, DMSO

MJT Coagulation Droplets Gunasekera et al. [43]

Dissolving Pulp
(5 wt%)

NMMO
(50 wt%) MEX Freeze-Drying Objects with high

mechanical properties Li et al. [63]

Whatman TM #1
filter paper
(1–6 wt%)

NaOH/Urea
(7.0 wt%/12.0 wt%) MEX Coagulation/Freeze-

Drying

Lightweight, strong,
flexible honeycomb

structure objects
Jiang et al. [64]

1 Pure solvent, if not otherwise indicated.
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duced from [40], which has an open-access CC BY 4.0 license); (c–e) meshes with tunable porosity
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(reproduced with permission from [68], Copyright 2018, American Chemical Society).

5.1. Robust and Tunable Mechanical Properties

Cellulose has excellent mechanical robustness at the macroscale as well as the nanoscale,
with the Young’s moduli of various nanocrystalline cellulose morphologies (65–220 GPa)
approaching those of Kevlar and carbon fiber [68]. For comparison, the reported tensile
strength of cellulose nanopapers and cellulosic textile fibers (like cotton and rayon) range
from 23 to 515 MPa [85] and from 300 to 700 MPa [86], respectively. Jiang et al. successfully
fabricated a lightweight (90 mg/cm3) honeycomb structure that was able to withstand
repeated elastic deformation in the wet state and showed enhanced rigidity in the dry state
(compressive modulus of 16.6 MPa, σy = 597 kPa) such that it was able to support a 6.8 kg
weight (over 15,800 times its own weight) without collapse or densification [64]. Li et al.
achieved scaffolds with controlled porosity that also demonstrated mechanical robustness
(tensile modulus: 160.6 MPa, compressive modulus: 12.9 MPa, breaking stress: 2.2 MPa,
breaking strain: 1.63%) [63]. By taking advantage of the high cellulose content enabled by
derivatization, CA parts were shown to have a tensile strength as high as 45 MPa [35].

By leveraging the shear thinning mechanism that allows for cellulose feedstock ex-
trusion and post-processing techniques like freeze-drying, it is possible to control the
microstructure and mechanical properties of printed parts to a much greater extent than
with conventional thermoplastic feedstocks. With careful treatment (i.e., evaporation or



Sustain. Chem. 2024, 5 110

freeze-drying), it is possible to preserve the shear-induced alignment of the cellulose parti-
cles in the as-printed feedstock, resulting in controlled anisotropy and directionally tuned
mechanical properties [66]. Giachini et al. went so far as to gradually alter the feedstock
composition (i.e., cellulose content and additives affecting gelation rate) and/or deposition
rate as it passed through the dispenser during printing to guide final object deformation
patterns via fabricated stiffness gradients [38]. This technique relies on the ability to tune
feedstock formulation and would not be as compatible with thermal MEX. A number of
researchers have also utilized freeze-drying in order to tailor material porosity towards
scaffold and mesh filter applications [63,67,68]. Incorporating water into the print struc-
tures has also been shown to promote elastic deformability and shape-recovery properties
by interfering with internal cellulose hydrogen bonding (compressive strain as high as
84.6% before densification) [64,68]. This process can also be reversed to regain strength
and rigidity upon drying. By combining cellulose’s inherent mechanical properties with
careful feedstock development and processing, all-cellulose 3D printing technology can
yield finely controlled, mechanically robust products.

5.2. Objects with Tailored Functionality

Because of the highly reactive hydroxyl groups in the cellulose chemical structure, it
can be chemically functionalized to achieve application-specific properties. Even without
altering the chemical functionality of the cellulose component in a feedstock, it is possible
to incorporate specific agents in the solution or suspension to achieve desired results. For
example, Pattinson et al. added the antimicrobial species toluidine blue and rose bengal
to a CA-based feedstock and found a statistically significant reduction in bacteria count
on the print surface compared to untreated samples [35]. In another creative application,
Chan et al. developed printed objects with manipulatable iridescent color arising from the
thermotropic behavior of cholesteric HPC-based feedstocks [40]. Cafiso et al. sought to
develop cellulosic hydrogels with improved mechanical properties, which necessitates an
optimization of the degree of crosslinking—namely, increased crosslinking will promote
improved mechanical rigidity, but will also limit water uptake, both parameters for hy-
drogels [39]. It is also often desirable for the swelling behavior of these hydrogels to be
pH-sensitive for the development of biosensors and delayed drug release. By utilizing
derivatized cellulose, the changing charges of pendant groups at different pH levels and
the associated intermolecular electrostatic repulsion were leveraged to fabricate hydro-
gels whose swelling behavior varied with pH [39]. Jia et al. harnessed cellulose thermal
stability to manufacture parts with thermal decomposition onsets of around 300 ◦C for
use in flexible electronics applications [65]. By taking advantage of cellulose’s natural
properties, or those achieved through derivatization, researchers have demonstrated the
additive manufacturing of cellulosic objects with various tailored functionalities towards
targeted applications.

6. Conclusions and Future Perspectives

Technologies in 3D printing are rapidly establishing footholds and increasing in
presence across industries. These technologies have been particularly revolutionary in
the medical field by improving customization capabilities for producing patient-specific
items like medical tools and prosthetics [87]. Beyond healthcare, 3D printing has enhanced
manufacturing in such diverse industries as aerospace, electronics, construction, packaging,
textiles, and many more [4]. As these technologies are further integrated into industrial
manufacturing supply chains, the market has grown and matured alongside an increased
demand for technological development. In 2019 alone, over USD 1 billion was raised by
start-ups and the expected total market value for 3D printing technologies is expected to
reach approximately USD 44.5 billion by 2026 [47].

While, theoretically, additive manufacturing should have near-complete material ef-
ficiency, in practice this is often not the case, and reported life-cycle analyses highlight
the complicated nature of comparing additive and conventional manufacturing [88–90].
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Thus, as additive manufacturing plays an increasingly important role in the industrial
manufacturing landscape, the printing materials it uses face increased scrutiny with respect
to environmental impact and long-term sustainability [8]. As efforts to reduce petroleum
use and minimize negative environmental impacts continue, bioderived materials repre-
sent an essential resource for more sustainable additive manufacturing feedstocks. The
impact of 3D printing with biopolymers is well-studied and readily apparent in the medical
field [91,92], and biopolymers also have great promise for their potential to enhance recy-
clability in industries such as automotive manufacturing [93] and textiles [94]. However,
poly(lactic acid) (PLA) is the only currently commercially available bioderived filament.
While it is well-suited for thermal MEX techniques due to its low glass transition and
melt temperatures, and has promising biodegradability behavior under controlled condi-
tions [2,86], it also exhibits low heat stability and high brittleness [5]. These properties limit
its utility in many applications and, as a result, PLA is often matrixed into a composite
with other materials to achieve improved thermal stability and mechanical properties [3].
To address these lingering deficiencies, other biobased materials, including alginate, silk
fibroin, and cellulose, have been the subject of recent research as alternative feedstocks for
3D printing [5].

Cellulose is globally abundant and extremely processable for a wide range of applica-
tions, making it a critical feedstock for exploration. It is naturally produced by photosynthe-
sis, thus consuming CO2 from the atmosphere as part of a sustainable carbon cycle, which
is urgently needed to support long-term greenhouse gas reductions and combat climate
change [95]. Its thermomechanical properties are also especially attractive compared to
other biobased alternatives. In fact, cellulose is regularly incorporated in these materials
as a strengthening agent [96,97]. Furthermore, pure cellulose is the gold standard as a
positive control for biodegradability testing [86]. The recent advancements in all-cellulose
3D printing feedstocks, printing methodologies, and post-printing solidification mecha-
nisms to create printed objects with a wide array of tunable properties, as highlighted in
this review, clearly demonstrate the potential of this technology and serve as benchmarks
for further development. All-cellulose additive manufactured parts have been made at
lab scale (up to ~3 cm in height) using an average printing speed of 10 mm/s, with a
print resolution of up to 20–200 µm [39,43,66,67] depending on the print method, and have
demonstrated physical properties ranging from strength (up to 45 MPa) and stiffness [35]
or compressibility and shape recovery [68], to functionalities such as structural color [40],
anti-microbial properties [35], and electrical insulation (<10−7 S/cm) [65].

By combining the inherent design and prototyping versatility of additive manufactur-
ing, the chemical versatility and abundance of cellulosic materials, and the versatility of
multi-step processing techniques, it will be possible to fabricate advanced, highly tailored
engineering materials that can also be part of a low-environmental-impact circular economy.
Future developments could include new crosslinking and photopolymerization technolo-
gies particularly suited to cellulose chemistry, solvent systems that balance the need for flow
and rapid solidification, new colloidal and micro/nano cellulose formulations, mitigating
the impact of light refraction due to particles in photopolymerizable suspensions, further
exploration of cellulose’s functional potential across diverse applications, and increases in
the size and robustness of printed objects either made of all-cellulose or in combination with
other biobased feedstocks. It is evident that the choice of each step in the manufacturing
process is critical for the final print properties, and this control and versatility will broaden
the impact of cellulose as a biobased additive manufacturing feedstock towards increased
industrial sustainability and advanced biocompatible devices.
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