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a b s t r a c t 

Cellulose is one of the most versatile biopolymers found in nature. Its use is now transitioning from sustainability- 
focused development to provide technical solutions across a wide range of applications. This review paper de- 
scribes the use of cellulose as reinforcement in biocomposites and recent related advances in 3D printing technolo- 
gies, including 4D (responsive/smart) printing and current/future applications. Relevant aspects such as the origin 
and intrinsic/structural properties of cellulose and cellulose/matrix interaction during processing are discussed. 
A particular focus is directed to identify opportunities for the development of new cellulose-based composites, 
formulation requirements for 3D/4D printing, and comprehension of the interplay between rheology, chemistry, 
and processing. Overall, new materials and technologies based on cellulose have shown promising results for 
real-life applications, opening new scientific development opportunities and a new generation of sustainable and 
advanced materials. 
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. Introduction 

Cellulose is considered the most abundant organic compound avail-
ble in nature [ 1 , 2 ]. It has been used for more than 150 years as a chem-
cal raw material. However, prior to its discovery as a "sugar of plant cell
all" by the French chemist Anselme Payen in 1838, cellulose-based ma-

erials have been used by humans for thousands of years for building,
lothing and as an energy source [3] . 

Cellulose is a macromolecule, generally having a combination of
rystalline and amorphous regions [4] . In plants, cellulose acts as the
ain element for reinforcement and is widely found in all plant tissues.
nimal and bacterial cellulose are also present in nature but for other

unctions, such as serving as a growing medium and protection from
xternal adversities [ 5 , 6 ]. Its unique properties, combined with its gen-
ral availability and potential as a sustainable material, have brought
onsiderable attention for its use in different applications. Its use in
omposites has been researched and explored using different cellulose
ypes, i.e. nanofibrillated cellulose, cellulose nanocrystals, wood pulp,
egenerated cellulose, and cellulose derivatives [7–14] . Additionally, as
 natural, mechanically efficient, and biocompatible material with hy-
roscopic properties, cellulose and its derivatives have been recognised
s useful in the formulation of hydrogels and polymer-based composites
using thermoplastic and thermoset polymers) for structural and stimuli-
esponsive materials manufactured by additive manufacturing [14–21] .

Additive manufacturing, also known as three-dimensional (3D)
rinting, is effectively a collection of methods based on layer-by-layer
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r spatial deposition manufacturing technologies in which computer-
ided design (CAD) is used to create physical 3D objects [22] . These
abrication methods allow direct production of customised and complex
hapes/components using metals, ceramics, polymers, and composites.
dditive manufacturing is considered by many people as the next man-
facturing revolution [ 22 , 23 ]. 3D printing methods can be classified
nto five main categories: (1) extrusion-based methods, e.g. fused depo-
ition modelling (FDM)/fused filament fabrication (FFF) and direct ink
riting (DIW), (2) photopolymerisation methods such as stereolithogra-
hy (SLA) or digital light processing (DLP), (3) particle fusion methods
uch as selective laser sintering (SLS), (4) material jetting (inkjet print-
ng), and (5) binder jetting (indirect inkjet printing, i.e., the binder is
eposited onto a powder bed) [ 21 , 24 , 25 ]. When 3D printed objects re-
pond to external stimuli in a controlled and predictable way, and so
ould be regarded to having been made from "smart materials" [26–29] ,
hey are commonly referred to as having been 4D printed, the extra
imension considered to be relating to changes over time [ 28 , 30 ]. 

The primary use of cellulose for additive manufacturing has been the
evelopment of composites for biomedical applications, such as wound
ressing devices, prostheses, and tissue engineering [ 22 , 31 , 32 ]. It has
emonstrated exciting and promising results for 3D printed materials
ith shape-changing behaviour and as a rheology modifier or reinforc-

ng agent [ 15 , 16 ]. Nature so far provides the best examples of how
ellulose is used in a biological material to adapt and respond to en-
ironmental changes, such as the hygromorphism of a pine cone and
ther seed shells triggered by humidity changes [ 33 , 34 ]. By using a
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Fig. 1. Number of publications in the Scopus database 
between 2006 and 2020 with the keywords: "cellulose" 
AND ("3D printing" OR "additive manufacturing); and 
"cellulose" AND "4D printing". 
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iomimetic approach and programming localised anisotropy of cellulose
brils, precise control of bending and twisting conformations based on
hrinking/swelling of cellulose can be achieved [16] . 

This diverse potential of cellulose is translated into an increased in-
erest in its use for 3D printing in recent years. Indeed, most of the
ublications related to the use of cellulose for additive manufacturing
re concentrated in the last seven years, with a sharp increase in the last
hree years, as shown in Fig. 1 . These publications are mainly distributed
n the areas of materials science, engineering, and chemistry, with a to-
al of 477 publications from a staggering number of 48,458 documents
elated only to the term "3D printing" or "additive manufacturing" in the
ame timeframe (2006–2021). The United States of America, followed
y China, are the countries with the highest number of publications in
his field. For the search term "4D printing", there are 516 publications
etween 2017 and 2021, with only 30 of those publications relating to
ellulose. 

In this review paper, an overview of cellulose properties and its use
or fully bio-derived composites and 3D/4D printing is presented. Dif-
erent printing methods, formulations, strategies, and related properties
re organised as a guideline for future research activities in this promis-
ng and recently fledged field of science. 

. Cellulose 

Cellulose accounts for approximately 1.5 ×10 12 tons of total annual
iomass production [3] . It is mainly originated from wood [35] , plants
r agricultural residues [36] , tunicate (animal) [37] , algae [38] , and
acteria [39–41] . The primary industrial use of cellulose has been the
roduction of pulp and paper, although its use in novel materials, such
s inorganic [ 42 , 43 ] and polymeric [ 9 , 44 ] composites, nanocomposites
45] , hydrogels [ 30 , 46 ], and even electronics [ 47 , 48 ] have been inves-
igated. Fundamental understanding of cellulose’s physical, chemical,
nd mechanical properties, as well as its crystal structure, has played
 pivotal role in further use in novel bio-derived composites [ 7 , 9 , 35 ].
 brief description of this topic is presented in this section, however,
omprehensive reviews can be found elsewhere [ 5 , 49 , 50 ]. 

A schematic representation of the wood structure, from the tree to
he cellulose elementary fibrils, is shown in Fig. 2 (a). Wood has a hierar-
hical and cellular structure comprised mainly of cellulose, lignin, and
emicellulose (the chemical building blocks) where cellulose microfib-
ils are organised in defined oriented layers embedded in a hemicellu-
ose and lignin matrix [ 5 , 51 ]. This type of arrangement, also found in
ther lignocellulosic materials such as palms and bamboo, results in low
ensity and high structural efficiency [52] . Cellulose is composed of a
inear chain of ringed glucose molecules with repeat units of two anhy-
roglucose rings ((C 6 H 10 O 5 )n, where n is 10000 to 15000 depending on
2 
he source of the cellulose) linked through oxygen covalently bonded to
1 of one glucose ring and C4 of the adjoining ring, the so-called beta
–4 glucosidic bond [ 5 , 9 ], as can be seen in Fig. 2 (b). These single cel-
ulose chain units compose the elementary fibrils that are organised in
rystalline (composed of cellulose nanocrystals) and amorphous (disor-
ered) regions, as schematised in Fig. 2 (b) [5] . 

Crystalline cellulose is polymorphic (I, II, III, IV structures). Cellulose
 (I 𝛼 and I 𝛽) and II are the main forms reported. Cellulose I is consid-
red as "natural cellulose" since it is naturally produced by trees, plants,
lgae, and bacteria. Its structure can be considered metastable and is
sually converted into cellulose II and III depending on how cellulose I
s processed [ 5 , 53 ]. Thermodynamically, cellulose II, with a monoclinic
tructure, is the most stable polymorph with technical relevance (pro-
uced by regeneration and mercerisation of cellulose I). The cellulose
II is formed from cellulose I and II through liquid ammonia treatments
nd cellulose IV can be formed by subsequent thermal treatments [5] . 

Cellulose I presents the highest axial Young’s modulus (E) and
resents two polymorphs: the triclinic structure (I 𝛼), space group
 1 ( a = 6.72 Å, b = 5.96 Å, c = 10.40 Å, 𝛼 = 118.08 °, 𝛽 = 114.80°,
= 80.375°) and monoclinic structure (I 𝛽), space group P2 1 ( a = 0.778
m, b = 0.820 nm, c = 1.038 nm, 𝛾 = 96.5°) [ 54 , 55 ]. These two poly-
orphs coexist in different proportions [41] . Cellulose I 𝛼 is produced

y most algae and bacteria, whereas I 𝛽 is the dominant form for plant
ell wall cellulose [5] . 

.1. Cellulose sources and classification 

In general, all plants contain cellulose in their structure, uniquely
esigned and used to support its own weight and provide sufficient
trength to resist external loads caused by wind and rain. However, with
 vast infrastructure for planting/harvesting trees and processing, most
ommercial cellulose is obtained by pulping of softwood or hardwood, in
hich cellulose is abundant. Hardwoods and softwoods have around 40–
7% of cellulose by weight in their composition. Non-wood biomasses,
uch as cotton, sugar-cane bagasse, coir, sisal, hemp, flax and others,
ave from 30% (wheat straw) to 95% (cotton) of cellulose [ 4 , 56 ]. 

Cellulose extraction depends on the structure of the biomass mate-
ial and the amount of hemicellulose and lignin, the other two main
omponents in plant tissues [5] . Conventionally, isolation of cellulose
pulping), is carried out either by kraft (based on sodium hydroxide and
odium sulphide) or organosolv (ethanol and water) methods. In both
f these methods, elevated temperature and pressure are necessary to
fficiently remove lignin and hemicellulose [ 35 , 57 ]. After the digestion
f the biomass, the resulting cellulose material can be submitted to a
equence of bleaching treatments based on the oxidation of the residual
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Fig. 2. (a) Hierarchical structure of a tree 
with a representation of the cellulose organisa- 
tion within wood. Reproduced with permission 
from John Wiley and Sons, license number: 
4951030836282 [51] . Copyright 2020, John 
Wiley and Sons. (b) Crystalline (containing 
cellulose nanocrystals) and amorphous (disor- 
dered) regions of elementary fibrils composed 
of single cellulose chain units (on the right). Re- 
produced with permission from Chemical Soci- 
ety Reviews, license number:1077823-1 [5] . 
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ignin by chlorine peroxide, hydrogen peroxide, ozone, peracetic acid,
r other oxidative agents [35] . 

Bacterial cellulose, on the other hand, is produced naturally with
igher purity and the absence of lignin and hemicellulose; typically,
reatments for its use involve culturing methods for cellulose microfib-
illar growth and washing steps to remove the bacteria. This type of cel-
ulose can be synthesised by bacteria belonging to the genera Acetobac-

er, Rhizobium, Agrobacterium, and Sarcina [58] . These bacteria produce
he cellulose microfibrils as a gel with water content as high as 99%.
epending on the culturing conditions, different microfibril formation
nd crystallisation can be achieved [ 39 , 59 ]. 

Once cellulose fibres have been isolated, the microfibrillar and/or
rystalline components can be separated by additional processing stages.
hese processes can be conducted by either acid hydrolysis, mechani-
al treatment, enzymatic hydrolysis, or a combination of two or more
f these methods depending on the desired properties [ 5 , 60 ]. The me-
hanical processes are generally conducted by using high-pressure ho-
ogenisers, grinders, cryocrushing, or high-intensity ultrasonic treat-
ents to extract cellulose fibrils. The high shear causes cleavage of el-

mentary cellulose fibrils, producing micro and nanofibrillated fibres.
he obtained material can be further processed by chemical treatments
o decrease the amount of amorphous cellulose or for surface functional-
sation [ 5 , 61 , 62 ]. Acid hydrolysis is utilised to remove amorphous ma-
erial and isolate cellulose crystalline particles. Sulphuric acid is widely
sed for this process because it produces a negative surface charge on the
ellulose nanocrystals, which improves the water-dispersibility and col-
oidal stability [ 5 , 63 ]. The isolated cellulose is also used for the produc-
ion of cellulose derivatives such as carboxymethyl cellulose, cellulose
cetate, cellulose acetate propionate, and nitrocellulose [64] and regen-
rated cellulose fibres produced by Lyocell or rayon processes [ 65 , 66 ]. 

According to Moon et al., cellulose fibres can be classified regarding
heir structure and morphology [5] (complemented with regenerated
ellulose fibres). These nomenclatures will be used throughout this re-
iew paper: 

Cellulose microfibre (MF): Also known as cellulose pulp. Fibres with
ow crystallinity (43–65%). The dimensions of pulp fibres depend on
he biomass. Fibres extracted from wood (softwood or hardwood) and
r other plants (bamboo, cotton, sisal, ramie) have length and width in
he range of 0.7–25 mm and 8–200 𝜇m, respectively [67–69] . Generally,
 t  

3 
ulp fibres are the starting materials for the other processed cellulosic
aterials. 

Microcrystalline cellulose (MCC): MCCs are porous particles (10-50
m diameter), with high-cellulose content and crystallinity, composed
f aggregate bundles of hydrogen-bonded cellulose microfibrils. Nor-
ally prepared by acid hydrolysis of MF using sulphuric or hydrochlo-

ic acid, followed by neutralisation and spray-dried or delivered in a
olloidal form [56] . 

Cellulose nanocrystal (CNC) : Also known as nanocrystalline cellu-
ose, cellulose whiskers, nanowhiskers. Depending on the source, plant-
erived CNCs are 77–503 nm in length and 5–14.6 nm in width, re-
ulting in aspect ratios of 8.5–100 [70] . CNCs have high crystallinity
54–88%) and a high fraction of I 𝛽 cellulose (68–94%). Produced using
imilar processes to MCC. CNCs have rod-like or whisker shaped parti-
les after acid hydrolysis of cellulose 

Nanofibrillated cellulose (NFC) : 100% cellulose with amorphous
nd crystalline regions. NFCs are compossed of elementary fibrils con-
isting of 36 cellulose chains arranged in the I 𝛽 crystal structure. High
spect ratio with a square cross-section (4–20 nm wide, 500–2000 nm
n length). Produced by mechanical refining of highly purified MF
ulps in combination with other techniques to facilitate fibrillation. .
acterial cellulose particles (BC) : Microfibrils secreted by various bac-
eria separated from bacterial bodies. BCs are characterised to have a
igh aspect ratio (higher than 50) with a morphology depending on the
acteria and growing medium. Acetobacter microfibrils have a rectan-
ular cross-section (6–10 nm by 30–50 nm). Primarily composed of I 𝛼
tructure. 

Regenerated cellulose (RC): Regenerated cellulose has a cellulose II
tructure and is produced by derivatising (Viscose) or direct dissolu-
ion (Lyocell) of MF, or other sources of cellulose [71] . The RC fibres
re produced continuously with a diameter ranging from 10 to 36 mm
 10 , 72 , 73 ]. The main application is textiles [71] . 

.2. Cellulose mechanical properties 

The mechanical properties of cellulose fibres play an essential role
n the development of new composites. Cellulose from different origins
as similar chemistry, but, variations in the morphology, type, and crys-
al structure result in different mechanical properties. The mechanical
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Table 1 

Mechanical properties cellulose fibres. Adapted from [5] . 

Material E A (GPa) E T (GPa) 𝜎f (GPa) 𝜀 f (%) Method Ref. 

MF 14–27 - 0.3–1.4 4–23 Tensile [75] 

MCC 25 ± 4 - - - Raman [74] 

CNC 

Plant 57-105 - - - Raman [76] 

Wood 18-50 - - AFM indentation [77] 

BC 78 ± 17 - - AFM-3pt bend [78] 

114 - - Raman [79] 

Cellulose I 𝜷

Experimental 120-135 - - XRD [80] 

220 ± 50 15 ± 1 - - IXS [81] 

Modeling 137-168 10-50 7.5-7.7 - [ 82 , 83 ] 

Cellulose I 𝜶

Modelling 128-155 5-8 - - [ 83 , 84 ] 

Cellulose II - 

Experimental 9–90 0.2–1.0 - Raman [ 85 , 86 ] 

Modeling 98–109 17–31 4.9–5.4 - [ 83 , 85 , 87 ] 

RC (Cellulose II) 

Viscose 11–20 - 0.39–0.83 - Tensile [10] 

Lyocell 9–12.5 - 0.55–1.01 - Tensile [10] ; [73] 

E A = Axial Young’s modulus; E T = Transverse Young’s modulus; 𝜎f = tensile strength; 𝜀 f = failure strain 
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roperties are also dependent on the cellulose crystallinity; the more
rystalline, the stronger the cellulose fibre [74] . Indirect methods, such
s X-ray diffraction, Raman spectroscopy, or atomic force microscopy
AFM), and simulations are generally used to infer the Young’s modu-
us or strength of micro and nanosized cellulose fibres. With a density of
.6 g/cm 

3 , crystalline cellulose is considered to have the highest specific
tiffness among naturally produced materials, with estimated values in
he order of 67-137 GPa cm 

3 .g − 1 [ 5 , 52 ]. Table 1 gives an overview of
he tensile properties of different types of cellulose, from the nanofibres
p to microfibres, and regenerated cellulose. 

. Cellulose-based biocomposites 

Lignocellulosic fibres have been used widely in polymeric-based
omposite formulations. Availability, high specific mechanical proper-
ies, and sustainability are the main reasons for their use [88] . A wide
ange of natural fibres, such as hemp, sisal, bamboo, flax, curaua, and
ute is commercially available. The use of these natural fibres has in-
reased steadily in the last years, with a particular interest in the auto-
otive industry [89] . Generally, both petroleum-based and bio-derived
olymers are used as matrices for natural fibre composites. Although
etroleum-based thermoset polymers such as epoxy and polyurethane
PU) and thermoplastics such as polypropylene (PP), polyethylene (PE),
nd acrylonitrile butadiene styrene (ABS) have been successfully ap-
lied for the manufacturing of NFCs with good mechanical and physi-
al properties, these matrices still leave challenges to achieve genuinely
ustainable materials. The recyclability potential of natural fibre com-
osites [ 90 , 91 ] and the use of biodegradable thermoplastic polymers
uch as polylactic acid (PLA), polyhydroxyalkanoates (PHA), polygly-
olic acid (PGA), starch, and bio-derived thermosets such as bioepoxy
esins (acrylated epoxidised soybean oil; BioPoxy 36©; DGEDP-ethyl es-
er) in combination with other bio-derived materials are paving the path
or new for commercial applications [92–96] . A comprehensive review
f the general use of lignocellulosic fibres for composites is presented
lsewhere [ 88 , 97 , 98 ]. 

In this review paper, we focus mainly on the use of cellulose fi-
res, i.e. those of high cellulose content, extracted from a lignocellulosic
ource (through chemical and/or mechanical processes) or obtained by
acterial cultures and their use in combination with bio-derived poly-
ers for composite formulations and additive manufacturing. Cellulose

nd nanocellulose-based composites have been used for different tech-
ological applications, such as sustainable packaging, water treatment,
O capture, sensors and flexible electrodes, flexible supercapacitors,
2 

4 
issue engineering [99] , and as a structural material. A series of mean-
ngful review papers have been published addressing the use of cellulose
or composites and nanocomposites [ 4 , 5 , 9 , 35 , 56 , 61 , 100 , 101 ], stimuli-
esponsive materials [ 102 , 103 ], and hydrogels and aerogels [7] . The
ain interest in using cellulose for new materials development has been

he improvement of physical (e.g., thermal stability, water vapour trans-
ission, and rheology) and mechanical properties (e.g., tensile strength,
oung’s modulus, and toughness) of polymeric matrices. 

As an overview of the latest achievements in terms of cellulose-
einforced composites, Fig. 3 summarises the tensile strength and
oung’s modulus of cellulose-based composites published in the last
wenty years. Only formulations completely bio-derived and the best
ensile properties achieved in each publication have been included. Ad-
itional information relating to these results (failure strain and manu-
acturing method) is given in Table 2 . Different types of cellulose, e.g.,
FC, CNC, MF, BC, RC, have been used for the manufacturing of compos-

tes by different methods. There has been considerable attention in PLA-
ased formulations, with a continuous effort in improving their mechan-
cal and physical performance [ 12 , 72 , 92 , 104–118 ]. This is explained
onsidering that PLA is known as the first mass-produced biopolymer
ith potential to replace commodity thermoplastics for a diversity of
pplications, from biomedical to packaging applications [110] . Regard-
ng thermoplastics, the best tensile performance of cellulose-reinforced
omposites has been achieved by using PLA as a matrix. Nevertheless,
ragility, low impact strength and thermal stability still are issues re-
orted in PLA-based composites. Other thermoplastic matrices have also
een successfully reinforced with cellulose, achieving properties compa-
able to those of PLA-based composites [ 110 , 117 , 119 , 120 ]. 

Despite the high-potential of cellulose for reinforcement owing to its
utstanding mechanical properties ( Table 1 ), there are still many un-
olved hurdles for the development of cellulose-based biocomposites,
hich have been limiting the mechanical properties improvement of
iocomposites. The inherent hydrophilicity of cellulose is the main chal-
enge for the development of composites [99] , as it affects its dispersibil-
ty and interfacial bonding with the matrix. Different routes have been
ttempted to physically or chemically alter cellulose’s surface and im-
rove its compatibility with hydrophobic matrices (most of the avail-
ble biopolymers). The interfacial bonding between cellulose and the
atrix can be improved by using nanosized forms of cellulose (bacterial

ellulose, NFC, CNC), providing an increased surface area per volume.
owever, chemical incompatibility remains, causing limited dispersion
f cellulose within the composites. Therefore, different strategies have
lso been used to chemically modify micro and nanocellulose fibres and
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Fig. 3. Overview of the tensile properties of 
bio-derived composites reinforced with differ- 
ent types of cellulose, matrices and processing 
methods; TP – Thermoplastic, TS – Thermoset. 
Data extracted from papers published between 
2001 and 2020 [ 12 , 72 , 92 , 104–127 ]. ∗ Values 
of PLA-based composite produced by solid- 
state drawing [111] ; ∗ ∗ Values of all-cellulose 
composite produced using Bocell fibres [126] . 

Table 2 

Overview of different types of cellulose and processes used for the composites. Data presented in Fig. 3 . Extracted from papers published between 2001 and 
2020 [ 12 , 72 , 92 , 104–127 ]. 

Matrix 
Cellulose type 
(reinforcement) Tensile strength (MPa) Young’s modulus (GPa) Failure strain (%) Manufacturing methods 

PLA RC 58–158 4.2–9.7 4.1-5.8 IM; CM 

CNC 50–353 ∗ 1.8–4.2 ∗ 4-187 FC; IM; CM 

MF 61–65 2.4-6.8 3.4 IM; FC 

NFC 33–170 ∗ ∗ ∗ 2.1–13 ∗ ∗ ∗ 1.5–189 FC;CM 

Other matrices (PA 10.10; 

PHB; PHA; PVA/Chitosan; 

PBS/PLA) 

RC 66–120 5–5.2 – IM; CM 

CNC 73–107 1.9–2.1 30 FC 

MF 25 0.9 3.8 FC 

NFC 69 1.7 298 CM 

Bio–derived thermosets 

(Epoxies; Lactic acid/glycerol) 

RC 220 14 4 CM 

NFC 108 3.6 4.8 RI 

BC 84 8.8 1 RI 

All–cellulose RC 264–910 ∗ ∗ 7.8–23 ∗ ∗ 8.2–24 SD; SI/CM 

CNC 49 3.6 2.1 FC 

MCC 243 13.1 10.7 FC 

BC 411 18 4.3 SD 

Where:IM – Injection moulding; CM – Compression moulding; FC – Film casting; SI – Solvent infusion; SD – Selective dissolution; RI – Resin infusion. ∗ Produced 
by solid-state drawing [111] ; ∗ ∗ Produced using Bocell fibres [126] ; ∗ ∗ ∗ Produced by using PLA fibres [115] . 
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mprove their compatibility with polymeric matrices, such as acetylation
 92 , 128 ], esterification [109] and grafting [ 12 , 104 , 107 , 108 , 129 ]. The
ydrophobic surface modification has been considered one of the best
outes to improve cellulose dispersion and interfacial bonding. Other
outes, such as Pickering stabilisation strategy (emulsion stabilised by
anocelluloses that are adsorbed onto the interface between two im-
iscible phases) and brick-and-mortar arrangement (structure based

n mimetics of biological materials, e.g., nacre, shells, and bones) ap-
roach, have also demonstrated promising results for high-performance
aterials [99] . 

In thermoplastic composites, acetylation modification of NFC has
een demonstrated to be a viable solution to improve the mechani-
al properties. Formulations of PLA nanocomposites with up to 5% of
cetylated NFC presented considerable improvement in Young’s modu-
us, tensile strength, and failure strain [92] . With 1% of modified NFC,
he failure strain was increased by more than 60%. Samples with 3%
f NFC were found to have the best tensile strength (33 MPa) and fail-
re strain (189%), with improvements of 118% and 372%, respectively,
ompared to neat PLA [92] . Grafting of polymers and other functional
roups onto cellulose surface is also supported as a promising strategy.
rafting CNC with triazine derivative enhanced the strength and fail-
re strain of PLA-based composites, in comparison with neat PLA and
5 
nmodified CNC [108] . Lactic acid (precursor of PLA) was also grafted
nto cellulose fibres extracted from bamboo, improving their compat-
bility with PLA and resulting in 19% increase in tensile strength and
0% in failure strain, compared to composites produced with untreated
bres [129] . The combination of cellulose surface treatment by in situ
olymerisation and a new processing route to manufacture PLA-based
lms resulted in outstanding mechanical properties. Small amounts (up
o 0.3%) of CNC modified by in situ emulsion polymerisation of methyl
ethacrylate (MMA) was used in PLA composites by melt compounding

hrough liquid-assisted extrusion [111] . By using hot pressing followed
y solid-state drawing at 100 °C, films with aligned CNC were found to
ave a tensile strength of 353 MPa, Young’s modulus of 4.2 GPa and
ailure strain of 45.7%. These promising mechanical properties are ex-
lained mainly by the decrease in the PLA crystallites and their sliding
ffect after solid-state drawing [111] . 

Biobased thermoset polymers have also been reinforced with cellu-
ose. A biobased epoxy, diglycidyl ether diphenolate ethyl ester (DGEDP-
thyl), was used for composites reinforced with up to 30% of bacterial
ellulose, which resulted in a 7-fold increase in Young’s modulus and
5% increase in tensile strength in comparison with neat epoxy. The
ddition of BC also improved the thermo-mechanical performance and
hermal stability of the composite [95] . NFC was also successfully ap-
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lied in a commercial biobased epoxy resin as reinforcement. With 13-
3% of NFC in the form of films, the resulting maximum tensile strength
108 MPa), Young’s modulus (3.6 GPa), and failure strain (4.8%) of the
omposites were improved by 74%, 56%, and 65%, respectively. Addi-
ionally, the addition of NFC reduced the water vapour permeability and
id not affect the thermal stability of the epoxy matrix. Another ther-
oset resin based on lactic acid, glycerol, and methacrylic anhydride
as also applied in the formulation of cellulose-reinforced composites.
ith 75% of viscose fibres in the form of textiles as reinforcement, better
echanical properties than those reported in cellulose-reinforced PLA

omposites were obtained, achieving a tensile strength above 200 MPa,
oung’s modulus of up to 14 GPa, and failure strain between 3–5%,
epending on the type of textile used in the formulation [130] . 

As in thermoplastic-based composites, chemical modification of cel-
ulose fibres is also explored to improve mechanical and physical prop-
rties of thermoset composites. By treating microcrystalline cellulose
MCC) through an esterification reaction with methacrylic anhydride
MAA), successful crosslinking with acrylated epoxidised soybean oil
AESO) was achieved [131] . The use of modified MCC resulted in a
ignificant improvement in flexural strength (up to 67.2%), modulus
f elasticity (up to 77%), water resistance, glass transition temperature
Tg), and interfacial bonding. The composites obtained, however, are
ery flexible (modulus of elasticity in the order of 400 MPa) and limited
o non-structural use. 

As shown in Fig. 3 / Table 2 , the best mechanical properties of
iobased composites are achieved by all-cellulose formulations.
ll-cellulose composites (ACC) are a new class of monocompo-
ent composites that are obtained mainly by non-derivatising
ethods, i.e., the cellulose chemical structure is not altered after

olubilisation/regeneration [132] . Non-derivatising solvents like
ithium chloride/N,N-dimethylacetamide (LiCl/DMAc), dinitrogen
etroxide/dimethylformamide (N 2 O 4 /DMF), N-methylmorpholine-
-oxide (NMMO), mineral acids, NaOH/Urea, dimethylsulfox-

de/tetrabutylammonium fluoride (DMSO/TBAF), dimethylimida-
olone/lithium chloride, and various molten salt hydrates and ionic
iquids (ILs), can be used to dissolve cellulose [132] . LiCl/DMAc,
MMO, NaOH/Urea and the IL 1-butyl-3-methylimidazolium chloride

BmimCl) are the main solvents reported. Two distinct methods can
e used to produce ACCs; a 2-step method where firstly a portion of
ellulose is dissolved in a solvent and then regenerated in the presence
f undissolved cellulose [122] ; and a 1-step method where the surface
f cellulosic fibres are partially dissolved and then regenerated in situ
o form a matrix around the undissolved portion [133] . Through a
rocess of selective dissolution of regenerated cellulose by a LiCl/DMAc
olution, the highest mechanical properties reported so far for biobased
aw materials have been achieved [126] . By using Bocell fibres, re-
enerated cellulose with high crystal alignment, the authors reported
 tensile strength of up to 910 MPa and Young’s modulus of 23 GPa
ith a failure strain of 8%. To the best of our knowledge, there is no
ther biobased laminated composite with such mechanical properties.
t is worth mentioning that all-cellulose composites are completely
iodegradable, with similar behaviour to native cellulose [134] . 

. The use of cellulose for additive manufacturing 

The diversification of the use of cellulose has been continuously in-
reasing over the last several decades. It has been suggested that there
ave been a number of generations of technological developments for
ellulose that have supported different applications of which we are now
n the fifth generation. Fig. 4 summarises the relationship between the
echnological development and diversification of cellulose-based prod-
cts according to these five generations [60] . The first generation was
ased on the use of cellulose, mainly cotton, as a fibre source for ex-
loitation in textiles. In the second and third generations, chemical pro-
esses were introduced, which made possible the isolation of cellulose
rom wood and cotton for the production of paper and cellulose deriva-
6 
ives for use in pharmaceutical, cosmetics, food, and healthcare applica-
ions. The fourth generation is characterised by the exploration of cel-
ulose composition at a molecular level for biochemicals, biofuels, and
iopolymers by using different lignocellulosic sources. Finally, for the
fth generation, through exploring and characterising cellulose in the
anoscale, the use of nanocelluloses has been identified as a technical so-
ution for additive manufacturing, packaging, construction, automotive,
iosensors, smart materials, and many other emerging technologies. 

The use of bio-derived materials in additive manufacturing is increas-
ng with the constant demand in innovation for sustainable materials
nd circular economy requirements within the manufacturing industries
135] . Polymers and in particular, thermoplastics, are the most com-
only used materials for additive manufacturing, with fused deposition
odelling being the most used method [136] . The reasons for preferring
olymers over other materials in additive manufacturing are that they
re versatile, available with a variety of physical and chemical proper-
ies, easy to handle because of relatively low working temperatures, and
re economical [ 137 , 138 ]. 

Although polymers have been the most preferred materials for 3D
rinting, extensive use of petrochemical polymers does not align well
o achieving a circular economy. Despite the recyclability potential of
etrochemical thermoplastics [139] , bio-derived raw materials can be
ocally produced from a variety of crops such as sugarcane, potatoes,
aise, sugar beet, perennial grass, and crop residues [135] , which vir-

ually enable a circular production chain (extraction, processing, us-
ge, disposal/reuse/recycle) in most parts of the globe. Hence, there
as been a significant amount of research towards incorporating bio-
erived polymers and their composites as alternatives for conventional
il-based polymers to make the additive manufacturing industry more
ustainable [140] . 

The use of cellulose for 3D printing composites formulations has
tarted to be reported in the last decade. The main advantage of cel-
ulose for 3D printing is related to its high aspect ratio, availability,
rocessability, sustainability (although in many cases, intense chemi-
al processes are used), and suitability for chemical functionalisation.
ts combination with other bio-derived polymers such as gelatines and
lginates has been extensively investigated for the formulation of aero-
els [ 141 , 142 ] and hydrogels [ 20 , 143–146 ] for 3D printing, extending
he use of cellulose in medical, tissue engineering, wearables, electron-
cs, and load-bearing applications [ 16 , 20 , 147 , 148 ]. Recent progress has
lso been achieved in 3D printing of all-cellulose composites with out-
tanding properties by using either pure dissolved cellulose [149] or cel-
ulose derivatives, such as carboxymethyl cellulose (CMC), methylcellu-
ose (MC), ethyl cellulose (EC), hydroxyethyl cellulose (HEC), hydrox-
propyl cellulose (HPC), and hydroxypropyl methylcellulose (HPMC)
21] . Furthermore, potential has been seen in the area of 4D printing by
sing cellulose in situations where stimuli-responsive behaviour is an
dvantage [ 16 , 20 , 150 ]. 

4D printing utilises smart materials that are programmed to exhibit
hanges in one or more properties in a controlled manner on the ap-
lication of an external stimulus [151] . To achieve an appropriate re-
ponse in a 4D printed material, selection of external stimulus plays
n important role. Many researchers have used stimuli such as heat,
ater, and light to achieve a controlled response from a printed prod-
ct [152] . Cellulose has been mainly used as the component to provide
hape-changing characteristics to 4D printed objects by its anisotropic
hrinkage/swelling behaviour with the variation of moisture. The com-
ination of this intrinsic property, the possibility of alignment during
rinting, and 3D modelling/prediction enable the use of cellulose as a 4D
rinting material [ 16 , 150 ]. Other fillers such as nanoclays can be added
o cellulose-based composites to improve storage stability and printabil-
ty of hydrogels and create a moisture-responsiveness behaviour upon
ydration and dehydration [20] . 

The wide range of cellulose-based compounds available with differ-
nt shapes, sizes, and properties, enables the use of cellulose for different
urposes in 3D printing: rheology modifier, binder, excipient, matrix,
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Fig. 4. Diversification of cellulose products ac- 
cording to technological development. Repro- 
duced with permission from Springer Nature, 
license number: 4951050511433 [60] . 

Table 3 

Uses of cellulose in 3D printing (adapted from [ 21 , 153 , 154 ]). 

Use of cellulose Properties that enable the use of cellulose Application in 3D printing 

Rheology modifier Neighbouring chains in cellulose form 

hydrogen bonds, restricting the water motion 

and increasing the viscosity. At a high shear 

rate, hydrogen bonds break through shear 

thinning behaviour. 

Cellulose has suitable rheological properties for 3D inks as the ink 

flows smoothly at high shear rates and quickly solidifies once the 

printing stops. 

Binder Cellulose has shear thinning behaviour 

making it a good choice of binder for 3D 

printing powders 

Rheology of a 3D printing paste depends on the rheology of a binder. 

Shear-thinning property of the cellulose binder helps in achieving a 

successful print. 

Excipient Hydrophilic nature of cellulose helps achieve 

controlled swelling on contact with water. 

This property of cellulose can be exploited in applications such as 

drug delivery and 4D printing 

Matrix High molecular weight cellulose dissolved by 

solvents has a high viscosity and exhibits 

shear thinning. 

High viscosity solubilised cellulose is suitable for 3D printing 

methods such as material extrusion method to produce 

dimensionally stable prints 

Reinforcement Cellulose fibres exhibit high strength, high 

stiffness, and low density 

Cellulose fibres extruded with thermoplastics are commonly used as 

filaments or used in bioink formulations. 3D printed cellulose-based 

composites have shown improved mechanical properties 

Fig. 5. 3D printing methods used for bio- 
derived materials (adapted from [155] and 
[156] ) 
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nd reinforcement [ 21 , 153 , 154 ]. Table 3 gives a summarised overview
f the uses of cellulose for 3D printing and related properties and appli-
ations. This arsenal of possibilities for cellulose in additive manufactur-
ng has remarkably increased the interest of the scientific community in
mproving, developing and characterising new processes and materials,
s described in details in the next sections. 

.1. 3D printing methods for cellulose-based biocomposites 

Biocomposites are processed by a variety of 3D printing technologies,
ncluding extrusion, powder bed fusion, photo-polymerisation, binder
etting, and sheet lamination methods ( Fig. 5 ). Material properties and
7 
esired structural resolution determine the type of 3D printing method
o be used [ 155 , 156 ]. 

Extrusion based methods are the most used 3D printing methods for
iocomposites. Usually, short natural fibres are mixed with polymer pel-
ets and extruded to obtain a biocomposite filament for FDM. FDM can
lso be used for 3D printing thermoplastic composites with long natural
bres[130]. Micro/nano cellulose fibres have been widely used as rein-

orcements in FDM as they have proven to improve mechanical proper-
ies of the printed samples. 

DIW, an extrusion-based 3D printing method, also referred to as
iquid deposition modelling, direct paste writing or paste extrusion
 157 , 158 ], is mostly used for printing gels/inks. Cellulose-based sus-
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Fig. 6. Images of different types of cellulose (CNC (A/D); 
NFC (B/E); BC (C/F)) used for composites formulations ob- 
tained by TEM (A-C) and AFM (D-E). Reproduced with per- 
mission from Elsevier, license number: 4951050961201 [162] . 
Original TEM and AFM images: A: Reproduced with permis- 
sion from Springer Nature, license number: 4951051407570 
[164] ; B: Reproduced with permission from Springer Nature, li- 
cense number: 4951060668766 [167] ; C: Reproduced with per- 
mission from Elsevier, license number: 4951051258417 [163] ; 
D: Reproduced with permission from Springer Nature, license 
number: 4951060510823 [166] ; E: Reproduced with permis- 
sion from [168] . Copyright 2014, American Chemical Society; 
F: Reproduced with permission from Elsevier, license number: 
4951060063149 [165] . Bottom: the two most used methods of us- 
ing cellulose in 3D printing, a) FDM method [169] and b) liquid 
extrusion or DIW used in bioprinting, reproduced with permission 
from Springer Nature, license number: 4951061346314 [170] . 
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ensions with shear-thinning behaviour have been 3D printed using
IW method for applications including biomedical and tissue engineer-

ng [24] . Rheological characteristics of cellulose-based colloidal suspen-
ions play an important role in 3D printing. Stability of viscous be-
aviour with respect to temperature is vital to prevent viscous flow ink
nd collapse of the printed material. Much work has been done in un-
erstanding colloidal stability and coagulation issues while 3D printing
queous suspensions [159] . 

Cellulose is also being used in photopolymerisation 3D printing
ethods, conventionally as a complementary step in DIW, with applica-

ions in biomedical engineering. The primary purpose of using cellulose
n photo polymeric resins is to improve mechanical properties and ther-
al stability of the 3D printed product [157] . Stereolithography (SLA)

nd digital light processing (DLP) are other printing methods used in
he biomedical field to print cellulose-based biocompatible photoreac-
ive resins. Applications such as bone cement, bone substitutes, and drug
elivery systems could incorporate biocompatible cellulose-based pho-
osensitive resins as an alternative of methacrylate-based resins that are
sed currently [ 24 , 160 , 161 ]. 

Although different printing methods have been used for cellulose-
ased formulations, as previously mentioned, most of the studies on this
opic focused on extrusion-based methods such as the use of thermoplas-
ics (using FDM) and inks or gels (DIW), as schematised in Fig. 6 . 
8 
.2. The use of cellulose in thermoplastics 

The properties and processability of filaments with natural fi-
res/fillers for FDM have been extensively reviewed [171–175] . How-
ver, although research in bio-derived polymers and their composites in-
olves different materials, commercially available bio-derived filaments
re limited to PLA blends with wood-based materials. 

Tables 4 and 5 give an overview of the methodology and main find-
ngs of recent developments in 3D printing with the use of cellulose
n thermoplastic composites using FDM. Most of the research with bio-
erived biocomposites has been concentrated on the use of PLA as the
atrix. The main reason for this choice is the combination of good me-

hanical properties, processability, printability, availability, and price,
s previously discussed. Therefore, PLA is one of the most used bio-
erived polymers for 3D printing technologies and is well consolidated
n the market [172] . Around 65 entries related to commercial PLA
or FDM can be found in the Senvol Database for 3D printing materi-
ls with a range of physical-mechanical properties [176] : Glass tran-
ition temperature (Tg) between 55–63 °C; apparent density between
.20–1.27 g/cm 

3 ; tensile strength between 27–145 MPa; Young’s mod-
lus between 1.77–4.00 GPa. Although other biopolyesters are com-
ercially available, e.g., polybutylene succinate (PBS), polybutylene

dipate-co-terephtalate (PBAT), and polybutylene succinate-co-adipate
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Table 4 

Summary of different formulations, processing and printing conditions of recent developments in cellulose-based composites for fused deposition modelling. 

Year 
Cellulose source and 
content (%) Matrix 

Compounding and 
filament production Printing parameters Reference 

2017 NFC (1–5%) PLA NFC grafted with 

L-lactide mixed with 

PLA by solvent casting 

and then extruded 

with neat PLA in a 

kinetic blender at 180 

°C and 30 RPM. 

Filaments of 1.75 mm 

were produced in a 

single screw extruder 

at 165 °C. 

Filament not tested in 

3D printing. 

[181] 

2017 TMP - 

thermomechanical 

pulp (10–20%) 

PLA Dry mixing of ground 

TMP fibres and PLA 

followed by two 

extrusions of filaments 

with 2.2 mm in a 

single screw extruder 

at 165-175 °C. 

Ultimaker Original 3D 

printer. Temperature of 

210 °C at 15 mm/s 

with a nozzle diameter 

of 0.4 mm. 

[182] 

2018 Nanocellulose (NC) 

(0.5–3%) 

PLA and PHBH Masterbatch with 10% 

NC by solvent casting 

with chloroform. Melt 

compounding in a 

single screw extruder 

at 30 RPM and 190 °C 

(PLA) and 150 °C 

(PHBH) 

Sharebot Next 

Generation desktop 3D 

printer. Temperature of 

210 °C for PLA and 

180-200 °C for PHBH 

with a nozzle 0.35 

mm. 100% of fill rate. 

[186] 

2018 MCC - microcrystalline 

cellulose (1–5%) 

PLA Solvent casting of 

PLA/MCC in 

tetrahydrofuran (THF) 

followed by dry 

mixing with neat PLA. 

1.55 and 1.75 mm 

filaments extruded in 

a twin screw extruder 

at 65 RPM at a 

temperature profile of 

165 – 190 °C. 

AutoMaker, Robox 3D 

printer (no 

information regarding 

printing parameters). 

[187] 

2019 NFC (10-40%) PLA NFC added to PLA 

dissolved in 

chloroform, dried, and 

compounded in a high 

shear mixer. Filaments 

of 1.68 mm were 

produced in a 

plunger-type batch 

extruder. 

Commercial desktop 

FDM unit (Solidoodle 3 

from Solidoodle Co). 

Temperature between 

180-215 °C, nozzle of 

0.4 mm, layer height 

of 0.2 mm and 

printing speed 

between 7.5-15 mm/s 

[180] 

2019 BC – bacterial cellulose 

(1–2.5%) 

PLA Composites prepared 

by Pickering emulsion 

method. TEMPO 

oxidised BC dispersed 

in water was mixed 

with PLA dissolved in 

DCM. After obtaining a 

Pickering emulsion by 

high intensity mixing, 

the DCM was 

evaporated and the 

resulting particles 

filtered. 

The obtained particles 

were extruded in a 

single screw extruder 

at a temperature 

profile of 180-195 °C 

Funmat HT 3D printer. 

Temperature of 220 °C 

(bed temperature of 60 

°C) at 75 mm/s with a 

nozzle of 0.4 mm. 

Infill degree of 100%. 

[183] 

2020 NFC (1-5%) PLA Melt compounding in 

a single screw 

extruder at 35 RPM. 

Nominal filament 

diameter of 1.75 ± 
0.05 mm 

M3036FDM desktop 

3D printer. 

Temperature of 210 °C 

at 40 mm/s with a 

nozzle of 0.4 mm. 10% 

and 35% of fill rate. 

[179] 

( continued on next page ) 

9 
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Table 4 ( continued ) 

Year Cellulose source and 
content (%) 

Matrix Compounding and 
filament production 

Printing parameters Reference 

2020 NFC (1–5%) PLA Solvent casting 

method: NFC dispersed 

in DMF and mixed 

with PLA dissolved in 

chloroform. Filaments 

of 1.75 mm produced 

in a capillary 

rheometer at 180 °C at 

speed of 0.2 mm/s. 

Formulation with 1% 

of NFC printed in a 

Fracktal works - Julia 

V2 desktop 3D printer. 

Temperature of 180 °C 

(bed temperature of 60 

°C) at 45 mm/s with a 

nozzle of 0.6 mm. 

Infill degree of 100% 

[188] 

2020 Nanocellulose (1–5%) PLA Dry mixing of 

nanocellulose and PLA 

particles followed by 

extrusion of 1.75 mm 

filaments in a single 

screw extruder at 75 

°C and speed of 25 

rpm. 

Filament not tested in 

3D printing. 

[189] 

2020 CNC (5–10%) PHBH Solvent casting 

method: CNC 

dispersed in 

chloroform (after 

solvent exchanging) 

and mixed with PHBH 

dissolved in 

chloroform. The 

obtained material was 

melt compounded in a 

high-shear mixer and 

the filaments of 1.75 

mm were produced in 

a capillary rheometer 

at 145 °C. 

Filaments 3D printed 

in a Vellemen K8200 

3D printer at 170 °C, 

speed of 5 mm/s, and 

nozzles of 0.6 and 0.4 

mm. Infill degree of 

100% 

[178] 

PHBH: Poly(3-hydroxybutirate-co-3-hydroxyhexanoate) 
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PBSA), PLA has the most appropriate combination of physical and me-
hanical properties for 3D printing applications [177] . 

The main focus in using cellulose for FDM filaments has been the im-
rovement of the overall mechanical properties of 3D printed constructs.
ifferent strategies have been explored to incorporate cellulose fibres in
D printing filaments. Generally, reinforced filaments are produced by
ither melt compounding through extrusion processes or by mixing fi-
res and polymers by solvent casting followed by melt compounding,
s described in Table 4 . Most of the studies used nanocelluloses (CNC
r NFC) as a source of reinforcement, with contents varying between
–40%. Improvements of up to 84% in tensile strength and 190% in
tiffness were reported. In some cases, there was no positive effect on
he mechanical properties by adding cellulose. However, other improve-
ents, such as thermo-mechanical stability and biodegradability rate,

re observed [178] . 
In a recent work, NFC produced by enzymatic hydrolysis of MCC fol-

owed by high-pressure homogenisation was applied as reinforcement in
LA filaments for 3D printing [179] . Polyethylene glycol 600 (PEG600)
as used as a plasticiser, obtaining good processability of the formula-

ions with up to 5% of NFC. The tensile strength and failure strain of the
laments were improved by approximately 20% and 50%, respectively,
ompared to neat PLA. This maximum improvement was obtained with
.5% of NFC while the addition of 5% had limited improvement [179] .
n another study, up to 30% of NFC was used in PLA filaments resulting
n improvements of up to 45% in tensile strength and 130% in Young’s
odulus in 3D printed samples [180] . However, reductions in the fail-
re strain and toughness were observed, and the 3D printed samples
resented inferior properties than those of compression moulded coun-
erparts. 

The agglomeration of nanocellulose (heterogeneous dispersion), re-
uction in toughness, and difficulties in processing have been the main
roblems reported in recent papers. The success of using cellulose for
10 
einforcement lies in the combination of four main aspects: dispersion,
nterfacial bonding, alignment, and aspect ratio of the fibres. Alignment
nd aspect ratio of the fibres are usually controlled by processing condi-
ions and proper fibre selection, whereas interfacial bonding and disper-
ion improvements demand additional chemical/physical treatments,
enerally conducted by surface treatments. 

Although the effect of surface modifications on the dispersion and
nterfacial bonding of cellulose in hydrophobic matrices is limited, re-
arkable improvements have been achieved [162] . By using a strat-

gy of polymer grafting onto NFC fibres, L-lactide was used for a liq-
id assisted in situ polymerisation reaction to improve the interfacial
onding and dispersion of NFC in PLA. The grafting was successfully
erified by transmission electron microscopy (TEM), X-ray photoelec-
ron spectroscopy (XPS), and Fourier-transform infrared spectroscopy
FTIR) analyses. The combination of grafting treatment and annealing
120 °C) above the cold crystallisation temperature (Tcc), resulted in
6% increase in tensile strength and 28% in stiffness with 3% of PLA-
-NFC [181] . The addition of modified cellulose did not change the Tg,
ut decreased the cold crystallisation temperature (Tcc), facilitating the
rystallisation of PLA. 

Other possibilities for cellulose grafting have been investigated to
roduce FDM filaments. Filgueira et al. explored an innovative way
o functionalise thermomechanical pulp (TMP) fibres by enzymatic-
ssisted grafting of octyl gallate (OG) and lauryl gallate (LG). The modi-
cation of the fibres resulted in considerable hydrophobic properties, re-
ucing the water absorption of the filaments with OG-treated cellulose.
he OG grafting also improved the stress transfer between the fibres and
he matrix, resulting in better mechanical properties, especially after
rinting. The best strength was achieved by filament with 10% of OG-
rafted fibre, with less than 10% of improvement in comparison with
eat PLA. However, 3D printed samples with 20% of OG-grafted fibres
ad an increase of approximately 190% in tensile strength. Although not
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Table 5 

Summary of the main findings of cellulose-based composites for fused deposition modelling (related to Table 4 ). 

Year 
Cellulose source and 
content (%) Matrix 

Other materials / 
cellulose treatment Observation 

Mechanical properties / Other 
findings Ref. 

2017 NFC (1-5%) PLA (4032D) Grafting of NFC 

through in situ 

polymerisation of 

L-lactide 

(PLA-g-NFCs) 

Better dispersion and increase in 

crystallinity were achieved by 

grafting the NFCs. 

Enhanced storage modulus with 

the addition of PLA-g-NFCs 

Tensile testing of the filaments: 

up to 66% increase in strength 

and 28% in stiffness with 3% of 

PLA-g-NFCs (after annealing at 

120 °C) 

[181] 

2017 TMP - 

thermomechanical 

pulp (10-20%) 

PLA (4032D) Enzymatic 

treatment of 

thermomechanical 

pulp for 

laccase-assisted 

grafting of octyl 

gallate (OG) and 

lauryl gallate (LG) 

The grafting of LG reduced the 

water absorption of the 

filaments and provided 

hydrophobic properties for the 

TMP fibres. However the 

interfacial adhesion between the 

fibres and PLA matrix was not 

improved. 

Using OG, there was an increase 

in fibre/matrix bonding and 

increased the water contact 

angle of the fibres 

Decrease in tensile strength of 

filaments with untreated and LG 

grafted TMP. Best strength 

achieved by filament with 10% 

of TMP grafted by OG. However, 

3D printed samples with 20% 

OG treated TMP had an increase 

of approximately 190% in tensile 

strength. 

[182] 

2018 NC (0.5-3%) PLA (4032D) and 

PHBH 

Nanocellulose 

obtained by 

ultra-sonication of 

commercial micro 

cellulose. 

No clear evidence of 

nanocellulose homogeneous 

dispersion. 

Tensile tests of filaments 

highlighted an improvement of 

the stiffness (1% NC highest) but 

a small decrease in tensile 

strength and failure strain. NC 

had a detrimental effect on the 

overall mechanical properties of 

3D printed samples (tensile test) 

because of an increase in 

porosity. 

[186] 

2018 MCC - 

microcrystalline 

cellulose (1-5%) 

PLA (3001D) Surface treatment 

of MCC with 

titanate coupling 

agent 

Surface modification of cellulose 

decreased the water absorption 

of the filaments. Increased 

amount of MCC reduced the 

crystallinity of PLA. 

Mechanical tests not reported. [187] 

2019 NFC (10-40%) PLA (4033D) As-received NFC 

used without 

further 

modification (only 

chopping before 

mixing with 

polymer solution) 

Up to 50% of NFC used for 

compression moulding and up 

to 40% for FDM. 

Problem with dispersion of NFC 

was observed. 

Different printing parameters 

resulted in different mechanical 

properties, mainly related to the 

reduction of inner-bead and 

inter-bed porosity. 

Tensile strength and modulus of 

3D printed samples presented 

similar values of compression 

moulded composites (up to 30% 

of NFC), with improvements of 

up to 45% in strength and 130% 

in modulus. However, lower 

strain at break and toughness 

were observed. The addition of 

NFC considerably increased the 

storage modulus up to 100 °C. 

[180] 

2019 BC – bacterial 

cellulose (1-2.5%) 

PLA (4043D) The BC was 

alkali-cooked in a 

high-shear 

homogeniser and 

treated by 

TEMPO-mediated 

oxidation (TOBC) 

according to the 

method described 

in [184] 

Good dispersion TOBC in PLA 

was achieved. The addition of 

TOBC improved the 

crystallisation rate of PLA, acting 

as a nucleation agent. 

Increase in tensile strength, 

failure strain, maximum bending 

strength, and Young’s modulus 

by 9.2%, 202%, 45%, and 49%, 

respectively, compared to neat 

PLA by adding 1.5% of TOBC. 

[183] 

2020 NFC (1-5%) PLA (4032D) PEG (used as 

plasticiser) 

NFC obtained by 

enzymatic 

hydrolysis of MCC 

(microcrystalline 

cellulose). 

Lack of information regarding 

the dispersion of NFC in the PLA 

matrix. 

Tensile testing: Increase of 33% 

in tensile strength and 19% in 

failure strain (maximum 

strength and elongation with 

2.5% of NFC) 

[179] 

2020 NFC (1-5%) PLA (3051D) Sisal NFC prepared 

by microgrinding 

after alkali and 

bleaching 

treatments. 

The addition of sisal NFC 

increased the crystallinity of 3D 

printed PLA by 14%. The NFC 

also reduced the porosity of the 

3D printed objects. 

Tensile testing of 3D printed 

specimen: Increase of tensile 

strength and Young’s modulus 

by 84% and 63%, respectively by 

the addition of 1% of sisal NFC 

in comparison to neat PLA 

(related to the reduction of 

porosity and increase in 

crystallinity). 

[188] 

( continued on next page ) 

11 



C. Gauss, K.L. Pickering and L.P. Muthe Composites Part C: Open Access 4 (2021) 100113 

Table 5 ( continued ) 

Year Cellulose source and 
content (%) 

Matrix Other materials / 
cellulose treatment 

Observation Mechanical properties / Other 
findings 

Ref. 

2020 Nanocellulose 

(1-5%) 

PLA (4032D) PEG600 (used as 

plasticiser) 

The nanocellulose 

was produced by 

enzymatic 

pretreatment and 

high-pressure 

microfluidization. 

The addition of nanocellulose 

improved thermal stability and 

crystallisation rate of PLA, with 

the best results achieved with 

1% of nanocellulose. 

The addition of PEG600 and 

nanocellulose reduced the 

thermal stability of PLA 

filaments but caused a faster 

crystallisation rate. 

Mechanical tests not reported. [189] 

2020 CNC (5-20%) PHBH The CNC crystals 

were modified by 

an acetylation 

process without 

the use of solvents. 

The acetylation process 

improved the affinity of the CNC 

with PHBH matrix and 

formulations with up to 20% of 

CNC were sucessessfully 3D 

printed. 

The addition of CNC improved 

the thermal stability and 

thermo-mechanical properties of 

the composites. The addition of 

20% of CNC increased the 

storage modulus of the 

composites by 150%. Samples 

with CNC presented much faster 

disintegration degree in a 

composting process. 

[178] 
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1  
iscussed in the publication, this difference between the filaments and
D printed samples is assumed to be related to the presence of poros-
ty in the filament and the alignment of cellulose fibres during printing.
rafting with LG was not beneficial for the mechanical properties nor
ater absorption stability [182] 

Exploring a different approach for cellulose dispersion, Li et al. 2019
eveloped a process for TEMPO oxidised bacterial cellulose for PLA re-
nforcement based on the concept of Pickering emulsion [183] . By com-
ining BC suspension in water and PLA dissolved in dichloromethane
DCM) followed by high-intensity mixing, microparticles containing BC
nd PLA were obtained, as shown in Fig. 7 . The materials were then
sed to produce FDM filaments by extrusion and 3D printed in a desk-
op printer. By adding only 1.5% of TEMPO oxidised BC, the authors re-
orted an increase in tensile strength, failure strain, maximum bending
trength, and Young’s modulus by 9.2%, 202%, 45%, and 49%, respec-
ively. TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-mediated
xidation is an effective and important way to obtain nanocellulose fi-
res with high aspect ratios ( > 100) without any changes to the origi-
al crystallinity with significant amounts of selectively formed C6 car-
oxylate groups. This oxidation method has been used to improve the
ispersion and reactivity of cellulose for surface treatments whenever
ecessary and widely applied in aerogels and hydrogels formulations
 184 , 185 ]. 

.3. The use of cellulose in inks, gels and thermosets 

The use of cellulose has been widely explored for 3D printing of
els/paste formulations. In these methods, compounds are used to pro-
uce a gel or ink with special rheological properties suitable to 3D print
tructures that are submitted to an in situ or a post-printing process by
ither chemically crosslinking, heat or UV curing, or just drying by heat-
ng, freeze-drying, or drying at atmospheric conditions. As previously
entioned, DIW is a commonly used term reported in the literature for

yringe printing or liquid/paste deposition modelling; small variations
n the printing method are observed depending on the 3D printer used
n the experiments. The use of cellulose in other methods, such as DLP,
as also been explored to improve the printing quality and mechanical
roperties UV-curable thermosets [ 161 , 190 ]. The chosen strategy will
epend on the target application and formulation properties. 

In DIW methods, cellulose has been used in inks, gels, and hydro-
els as a responsive element (shape change) [ 16 , 20 ], main component
r matrix [ 19 , 191–194 ], reinforcement [ 17 , 23 , 145 , 191 , 194–198 ], and
heology control [ 17 , 23 , 145 , 195 , 198 ] followed by post-printing treat-
ents such as freeze-drying, UV and heat curing, chemical crosslinking,
12 
nd resin infiltration. In some studies, cellulose is used for multiple pur-
oses, such as structural support, or main component, and also intended
s a reinforcement [194] . Moreover, the use of CNC gels as a temporary
upport material for complex-shaped structures has also been recently
xplored [199] . These studies envisage new opportunities for the adop-
ion of cellulose-based 3D printed materials in a wide range of emerging
pplications such as tissue engineering, wound dressing, biomedical de-
ices, soft robotics, composites with tailored architectures and mechan-
cal properties, energy storage, sensors, and flexible electronics. Most
elevant developments in this topic have been concentrated in the last
–5 years. 

A comprehensive summary of methodologies, main outcomes, and
pplications of recent and relevant developments between 2016 and
020 of cellulose-based formulations used in DIW, or liquid deposition
odelling, is given in Table 6 . The ink, gel, or hydrogel compositions

nd printing strategies, including post-printing processes, are depicted.
ost studies rely on cellulose as a biocompatible material with reinforc-

ng abilities and as a rheology modifier to develop formulations for 3D
rinting focused on biomedical applications, with a particular interest in
issue engineering. The controllable porosity of biocompatible cellulose-
ased structures obtained by 3D printing can be used to allow solvent
bsorption, cell seeding medium infusion, cell growth, and oxygen per-
eation, which are important characteristics for tissue engineering ap-
lications [192] . As can be seen in the information provided in Table 6 , a
ide range of strategies and formulations have been explored. Nanocel-

uloses, e.g., CNC and NFC, are the main sources of cellulose used in
ll the studies, in which they can be used solely in aqueous suspensions
 191 , 193 ], or in combination with other natural materials [ 17 , 23 , 194 ],
uch as gelatin and alginate, and modified to be used in more complex
ormulations [ 191 , 198 ]. 

The rheological properties of nanocellulose suspensions and reinforc-
ng capability of cellulose fibres brought attention for its use to improve
he printability of inks based on alginates [ 19 , 23 , 194 , 200 ] and gelatines
 23 , 145 , 195 , 196 ]. Jian et al. 2019 used a combination of gelatin and
FC for the development of hydrogels for 3D printing. The addition
f 10% of NFC increased 5.75 fold the compressive strength of the
rinted constructs in comparison with neat gelatin. The addition of NFC
lso improved the stability of other bioinks made of collagen, fibrin,
yaluronate acid, alginate, chitosan, and agarose [196] . Bacterial cellu-
ose nanofibres (BNCFs) were also used to create hierarchical structures
ith pores gradient and self-recovery ability in silk fibroin and gela-

ine hydrogels [145] . The addition of small amounts of BNCF (up to
.4%) doubled the compressive stress at 30% strain in comparison with
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Table 6 

Summary of recent advances of cellulose-based formulations for 3D printing using DIW (printing methods and ink/gel formulations descriptions may vary according 
to the level of details provided in each publication). 

Year Ink/gel formulation Printing method 
Source / use of 
cellulose Main outcomes Possible application Ref. 

2016 Final ink composed 

of 77.6% deionized 

water, 0.73% NFC, 

9.7% nanoclay, 7.8% 

monomer (DMAm or 

NIPAm), 0.097% 

photoinitiator, 0.23% 

glucose oxidase, 3.8% 

glucose. 

Syringe printing 

(DIW) 

– 200 𝜇m nozzle 

Printed on glass 

slides with teflon 

adhesive. UV-curing 

after printing. 

Unbleached NFC 

from softwood pulp 

/ Used as anisotropic 

shrinkage/swelling 

modifier. 

Novel approach developed to 

calculate and predict 

hygromorphic transformations. 

Shape-changing accurately 

predicted and demonstrated 

with the formulation based on 

NFC. The acrylamide was 

physically crosslinked by the 

nanoclay particles creating a 

hydrogel matrix that easily 

swells in water. Glucose 

oxidase + glucose successfully 

used as oxygen scavengers. 

Tissue engineering, 

biomedical devices, 

soft robotics 

[16] 

2017 Aqueous-based CNC 

suspensions (0.5-40 

wt%) 

Syringe printing 

(DIW) - 

200-410 𝜇m nozzles. 

Printed onto a 

hydrophobised glass 

slide 

Eucalyptus pulp CNC 

obtained by acid 

hydrolysis / main 

component 

Formulation with 20% was 

considered the most appropriate 

(with shear-thinning behaviour). 

Conditions for the alignment of 

CNC were quantitatively 

determined. 

Composites with 

tailored architectures 

and mechanical 

properties 

(programmable 

reinforcement) 

[191] 

CNC-based 

composites with 

10-20% of CNC with 

HEMA monomer, 

PUA oligomers, and 

photoinitiator 

Syringe printing 

(DIW) - 

410 𝜇m nozzle. 

Printed onto a 

hydrophobised glass 

slide. Cured using 

UV source under N 2 

environment. 

CNC and modified 

CNC (methacrylic 

anhydride) / 

reinforcement 

Different mechanical properties 

achieved (stiff to rubbery) by 

using different oligomers. CNC 

modification (vinyl 

functionality) cause a covalent 

bond with the polymer. 

Alignment of CNC during 

printing results in increases of 

up to 80% in Young’s modulus. 

2017 Aqueous-based CNC 

suspensions (11.8-30 

wt%) 

and formulations 

with polyamide- 

epichlorohydrin 

(Kymene) addition 

for crosslinking. 

Syringe printing 

(DIW) – 200-500 𝜇m 

nozzle. Extruded 

using an air pressure 

controller. Printed at 

2mm/s. Freeze-dried 

after printing and 

heat-cured for 

crosslinking of 

formulations with 

Kymene. 

Wood pulp-derived 

freeze-dried CNC / 

main component 

Aerogels with controlled overall 

and porous structure using 20% 

CNC gels were obtained after 3D 

printing and freeze-drying with 

densities between 0.127-0.399 

g/cm 

3 and porosity of 75-92.1%. 

Crosslinking with Kymene 

improved the mechanical 

stability of the aerogels in air 

and water environments. 

Tissue engineering [192] 

2017 Aqueous-based CNC 

suspensions of 15 

wt% 

Syringe printing 

(DIW) – nozzle 

diameter of 300 𝜇m 

at a printing 

pressure of 50 psi 

and speed of 5mm/s. 

Structures were 

freeze-dried after 

printing. 

CNC obtained by 

oxalic acid hydrolysis 

of pretreated 

bleached eucalyptus 

pulp by disk-milling 

/ main component 

The novel CNC production 

method resulted in high aspect 

ratio CNC particles. The 15% 

aqueous CNC suspension 

presented shear-thinning 

behaviour and was successfully 

3D printed. The structure was 

maintained after freeze-drying. 

Tissue engineering [193] 

2017 Bioink with 0-2.0 % 

w/v of NFC in a 

gelatin 

methacrylamide 

(GelMA) matrix (5% 

w/v). 

Syringe printing 

(DIW) – nozzle with 

an inner diameter of 

160 𝜇m, printing 

pressure of 1-10 psi 

and speed of 10 

mm/s. Crosslinked 

with (APS/TEMED) 

after 3D printing. 

NFC produced from 

kraft pulp through 

mechanical grinding 

/ rheology and 

reinforcement 

The addition of NFC in the 

bioink formulation ensured its 

printability. GelMA/NFC 

composite was successfully 

crosslinked with APS/TEMED 

system. 

The mechanical properties of 

the 3D printed structures 

considerably increased with the 

addition of NFC. 

Tissue engineering 

and other biomedical 

applications 

[195] 

2017 NFC and alginate (A) 

or hyaluronic acid 

(HA) bioink: 60-80% 

of NFC (w/w) in 

relation to A. The 

NFC/HA ink was 

prepared with 5 v% 

of HA in the NFC 

hydrogel. 

Syringe-based 3D 

bioprinter – printed 

at room temperature 

with a nozzle of 300 

𝜇m, speed of 10-20 

mm/s, and pressure 

of 2.9-4.3 psi. NFC/A 

crosslinked with 

CaCl 2 solution and 

NFC/HA crosslinked 

with H 2 O 2 solution 

after printing. 

NFC produced by 

enzymatic treatment 

and mechanical 

refinement / 

structural support 

and reinforcement 

Bioink successfully produced 

and 3D printed for cell 

encapsulation (human-derived 

induced pluripotent stem cells 

and chondrocytes). The 

structures can be used to 

support cartilage production. 

Tissue engineering –

artificial cartilage 

[ 194 , 201 ] 

(2015) 

( continued on next page ) 
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Table 6 ( continued ) 

Year Ink/gel formulation Printing method Source / use of 
cellulose 

Main outcomes Possible application Ref. 

2017 NFC (2.0-3.3 wt%) 

and xylan (type of 

hemicellulose) 

conjugated with 

tyramine (XT) with 

different degrees of 

substitution. 

Syringe-based 3D 

bioprinter – printed 

using a conical 

needle tip (420 𝜇m 

outlet diameter) at 

10 mm/s. Printing 

pressure adjusted 

according to each 

formulation. 

Crosslinked with 

H 2 O 2 solution after 

printing. 

NFC processed from 

soft wood pulp by 

enzymatic 

pretreatment 

followed by 

mechanical grinding 

and high-pressure 

homogenisation / 

reinforcement 

Structures successfully printed 

with reasonable dimensional 

fidelity. A balanced combination 

of NFC and XT is necessary for 

printable and crosslinkable inks. 

The crosslinking density was 

tuned by using different degrees 

of substitution of XT. 

Tissue engineering / 

wound dressing. 

[17] 

2018 Hydrogel ink 

composed of CNC 

suspension, and 

gelatin (Gel) and 

sodium alginate (SA) 

solutions. Final 

composition (dry) 

CNC/SA/Gel: 

70/20/10. 

Syringe-based 3D 

bioprinter (3D 

Discovery) – nozzle 

diameter of 410 𝜇m, 

speed of 10-80 

mm/s. Structures 

crosslinked with 

CaCl 2 solution after 

printing. 

CNC isolated from 

pulp of Norway 

spruce wood by a 

process developed 

by [203] / 

reinforcement and 

rheology 

Scaffolds obtained with gradient 

porosity within one 3D printed 

structure. High dimensional 

fidelity was achieved, with 

structures with pores sizes 

between 80–2125 𝜇m (wet 

condition). Printing parameters 

drove the print resolution and 

pore size control. CNC 

shear-induced alignment 

observed in the 3D printed 

structures. 

Tissue repair and 

regeneration 

[23] 

2018 Ink based on sodium 

carboxymethyl 

cellulose 

(CMC-Na/CMC) as 

matrix with cellulose 

pulp (50 v% in dry 

condition) and 

montmorillonite clay. 

Syringe-based 3D 

printing using an 

off-axis direct driven 

paste extruder. 

Nozzle of 800 𝜇m. 

Structures 

crosslinked by poly 

acrylic acid, citric 

acid or 

self-crosslinking 

after printing. 

Cotton derived pulp 

fibres / 

reinforcement and 

anisotropic 

swelling/swelling 

modifier 

Dissociation of pulp fibres 

enabled shear thinning 

properties to the hydrogel, 

enabling high fibre loading 

without clogging during 

printing. The addition of clay 

stabilised the printed structures 

and improved the rheology for 

printing. Swelling/shrinkage 

potential influenced by 

crosslinking strategy. 

Not specified [20] 

2019 Ink composed of NFC 

suspensions with 

20% (based on dry 

content of NFC) of 

alginate. 

Syringe-based 3D 

printing. Flow speed 

was 3 mm/s, using a 

0.58mm conical 

nozzle. Structures 

crosslinked with 

CaCl after printing 

NFC produced from 

sugarcane bagasse by 

TEMPO-mediated 

oxidation 

pre-treatment 

followed by 

homogenisation / 

main component and 

reinforcement 

TEMPO-oxidised NFC was 

successfully produced from 

sugarcane bagasse. The 

NFC-based inks presented good 

printability and were found to 

be cytocompatible. The addition 

of alginate aided the 

crosslinking with Ca 2 + after 3D 

printing. 

Wound dressing 

devices 

[200] 

2019 Ink based on 

nanofibrillated 

bacterial cellulose 

(BNFC) (0-1.4%), silk 

fibroin and gelatine. 

3D printed in a 

bioplotter with 

polyethylene 

injection cartridge. 

Nozzle of 410 𝜇m. 

Printed at speeds of 

3.0-5.2 mm/s. 

Structures 

freeze-dried after 

printing. Some 

samples were also 

crosslinked with 

genipin solution. 

BNFC produced by 

pre-treatment in 

NaOH solution 

followed by 

processing in 

homogeniser / 

reinforcement 

Scaffolds were printed with 

hierarchical structure and 

gradient pores between 10-600 

𝜇m. Samples with BNFC had 

self-recovery ability, and 

compressive stress at 30% strain 

doubled in comparison with 

structures without BNFC. The 

composites presented excellent 

biocompatibility and were 

beneficial for ingrowth of tissue. 

Tissue engineering [145] 

2019 Hydrogel composed 

of 5 w/v% of gelatin 

and 0-20% of NFC. 

3D printed in an 

extrusion-based 

printing nozzle 

controlled by 

pressure. Nozzle of 

210 𝜇m, pressure of 

40 psi and speed of 

10 mm/s at 10, 15, 

20, and 25 °C. 

Crosslinking solution 

with different 

concentrations of 

genipin after 

printing. 

NFC produced from 

bleached Humulus 

japonicus stem pulp 

by high-speed 

agitation and 

high-power 

ultrasonication / 

reinforcement 

The addition of NFC (10%) 

increased the mechanical 

strength by 5.75-fold and good 

shape fidelity with an 

interconnected porous structure 

was obtained. The proposed 

bioink presented good 

biocompatibility. 

Tissue engineering / 

repair 

[196] 

( continued on next page ) 
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Table 6 ( continued ) 

Year Ink/gel formulation Printing method Source / use of 
cellulose 

Main outcomes Possible application Ref. 

2020 Main gel composed 

of 20 wt% of CNC 

and 1 wt% of NFC. 

Some formulations 

were infiltrated with 

HEMA monomer as 

matrix 

Syringe printing 

(DIW). Nozzle of 410 

𝜇m and 27mm long. 

Printed with 

pressure of 30-35 psi 

at 20 °C. Printed 

structures submitted 

to freeze-drying or 

supercritical drying 

(used for infiltration 

HEMA monomer as 

matrix followed by 

UV-curing). 

TEMPO-oxidised NFC 

produced from 

bleached softwood 

pulp and CNC 

produced from 

eucalyptus pulp by 

acid hydrolysis / 

rheology and 

reinforcement 

Two types of nanocelluloses 

were applied in the gel 

formulations. High mechanical 

properties were achieved by the 

proposed densification (solvent 

exchange and monomer 

infusion) method with up to 

27.35 vol% of cellulose. Wet 

densification explained by the 

change in the cohesive energy 

density. 

Biomedical and 

stimuli-reponsive 

applications 

[197] 

2020 Gel composed of 

NFC, alginate, and 

NaCl and CaCl 2 
solutions. Solid 

content of NFC 

maintained at 19.5 

g.L − 1 . 

Syringe printing 

(DIW), piston-driven. 

Conical 410 𝜇m 

nozzle printed at 

2.9-5.8 psi. Speed 

adjusted to each 

formulation. EDOT 

monomer used for 

impregnation for in 

situ polymerisation 

of PEDOT/TOS as a 

conducting polymer 

after printing. 

Commerical 

carboxymethylated 

NFC / main 

component (aerogel) 

NFC/alginate-based aerogel 

structures successfully 3D 

printed and by using freezing, 

solvent exchange and ambient 

drying as post-treatments. 

Large-scale production of these 

aerogels is envisaged. The 

addition of salt in the 

formulation reduced shrinkage 

by 30%. In situ polymerisation of 

PEDOT in the aerogel structure 

resulted in high capacitance (78 

F/g). 

Energy storage and 

sensors 

[19] 

2020 Ink composed of 

CNC or cin-CNC 

difunctional with 

polyurethane 

acrylate and vinyl 

cinnamate (50-50 

weight ratio). A 

photoinitiator was 

also added. 

DIW printer using a 

UV shielded 

cartridge. Printed 

with extrusion 

pressure of 14-43 psi 

and conical nozzle of 

410 𝜇m at 10-15 

mm/s. Samples 

UV-cured after 

printing. Secondary 

UV curing was 

conducted for 

selective mechanical 

properties. 

CNC obtained from 

acid hydrolysis of 

eucalyptus pulp. CNC 

was also modified 

(cin-CNC) through 

grafting with 

cinnamoyl chloride / 

rheology and 

reinforcement. 

Structures with tailored 

mechanical response by 

selective UV illumination were 

3D printed by DIW. 

Photostiffening was achieved by 

using biocompatible 

photocrosslinkable cinnamates. 

The alignment of modified CNC 

combined with selective 

photostiffening created new 

possibilities for functionally 

graded materials. 

Biomedical 

prosthetics; sensor, 

flexible electronics 

[198] 

DMAm: N,N-dimethylacrylamide; NIPAm: N-isopropylacrylamide; HEMA: 2-Hydroxyethyl methacrylate; PUA: polyurethane-acrylate; APS/TEMED: Ammonium per- 
sulfate/ tetramethylethylenediamine 
PEDOT/TOS: poly(3,4-ethylenedioxythiophene):tosylate 
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nreinforced constructs. Similarly, different 3D printed biocompatible
tructures with outstanding cell growth capabilities using NFC-based
nks with alginate or hyaluronic acid were used as support for artifi-
ial cartilage production [ 194 , 201 ]. Additionally, a recent study used
NC-based inks with poly(glycerol sebacate) for DIW of multifunctional

attice structures with cell growth capabilities for the treatment of my-
cardial infarction [202] . 

Post printing treatments can considerably change and improve the fi-
al properties of the printed constructs. The solidification/consolidation
hase after 3D printing, especially formulations based on nanocellu-
oses, is an important step to determine possible applications [143] .
y using an innovative way to 3D print cellulose-based inks, Haus-
ann et al. 2020 introduced wet densification methods to improve the
echanical stability of 3D printed structures. Both CNC and TEMPO-

xidised NFC were used in their formulations. CNC was the main com-
onent of the gel for 3D printing while NFC was used as reinforce-
ent. After 3D printing, a series of densification methods were explored:

onic crosslinking and wet infiltration; wet densification and wet infil-
ration; supercritical drying and infiltration. Monomer solution or dis-
olved resin were used for the infiltration phase. The investigated pro-
esses and obtained materials are presented in Fig. 8 . By infiltration and
olymerisation of 2-hydroxyethyl methacrylate (HEMA) monomer, they
eported Young’s modulus and ultimate strength of printed objects in
he order of 2 GPa and 22 MPa, respectively, which are superior values
15 
han those previously reported for this class of materials. As stated by
he authors, this approach opens new opportunities in cellulose-based
rinted structures with high mechanical properties by using different
onomers/polymers for infusion [197] . 

Using a similar approach, 3D printed NFC-based aerogels were im-
regnated with a conductive polymer focusing on energy storage ap-
lications. 3D printed NFC/alginate aerogels were successfully printed
ith the addition of salt in the gel before printing. This method enabled

he production of stable structures without further crosslinking, with
nly freezing, solvent exchanging and drying at ambient conditions per-
ormed after printing. In situ polymerisation of PEDOT:TOS, poly(3,4-
thylenedioxythiophene):tosylate, a conductive polymer, within the
erogel structure resulted in a material adequate for energy storage with
 specific capacitance of 78 F/g [19] . 

The versatility of cellulose can be observed in other printing meth-
ds; cellulose in 3D printing using digital light processing (DLP) has also
een recently explored for biomedical applications [ 161 , 190 ]. A resin
ormulation based on Poly(ethylene glycol) diacrylate (PEGDA) and
lycerol 1,3-diglycerolate diacrylate (DiGlyDA) reinforced with CNC
0.2–5%) was used to 3D print complex structures with high superficial
uality [161] . The addition of CNC led to improved mechanical proper-
ies of the printed objects (up to 151% improvement in Young’s modulus
ut with constant tensile strength) without scarifying the printability of
he resin. These promising results are represented in Fig. 9 . 
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Fig. 7. a) Microscopic image of TEMPO-oxidized BC stabilised 
in a Pickering emulsion and b), c) SEM image of the PLA/TOBC 
composite microspheres. Reproduced with permission from El- 
sevier, license number: 4951510993079 [183] . 

Fig. 8. In the upper image, a schematic repre- 
sentation of the 3D printing process with the 
alignment of CNCs and CNFs is presented. In 
B, the wet densification by solvent exchange 
followed by monomer infusion and polymerisa- 
tion. In C, a tertiary diagram with the influence 
of the solvent mixtures solubility parameters, 
i.e., hydrogen bonding interactions ( f H), dis- 
persion forces ( f D), and polar interactions ( f P), 
used for solvent-exchange after printing. In the 
bottom image, examples of structures with high 
volume fraction of cellulose, 27.35 vol%, pro- 
duced by different processing routes. Repro- 
duced with permission from John Wiley and 
Sons, license number: 4951530125186 [197] . 
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.4. Printability and cellulose alignment 

In a concise overview of nanocellulose-based inks for 3D printing,
lso named as 3D bioprinting, Gatenholm et al. described a methodology
or the design of bioink compositions based on requirements for the
D printing process and application as soft tissues. A troubleshooting
owchart is presented ( Fig. 10 ) to guide future developments in this
16 
eld [204] . As also identified in other studies, the main requirements for
 bioink/gel/hydrogel printability are related to rheological properties
uring printing and post-printing recovery [205] . Crosslinking is also
dentified as an essential step to produce structures with mechanical
tability [204] . 

Fig. 11 A shows a methodology to assess the printability of bioinks.
irst, an initial screening step is suggested to experimentally evaluate
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Fig. 9. Results obtained by [161] . a) 3D 

printed artificial ears by the DLP method ac- 
cording to the CAD design (left) without CNC 
and with CNC showing that the addition of CNC 
did not influence on the printing quality. b) The 
influence of CNC addition on the tensile prop- 
erties of 3D printed samples. Reproduced with 
permission from Springer Nature, license num- 
ber: 4951530415393 [161] . 

Fig. 10. Troubleshooting flowchart for the 
development of bioink compositions. Repro- 
duced with permission from Springer Nature, 
license number: 4951511180779 [204] . Copy- 
right 2016, Springer Nature. Cellulose-based 
ear successfully printed by DIW followed by 
chemical crosslinking. Reproduced with per- 
mission from [201] . Copyright (2015) Ameri- 
can Chemical Society. The initial steps for the 
development of a bioink also apply for other 
3D printing formulations intended for different 
applications. 
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bre (or continuous flow) formation in syringe-based 3D printing and
nalyse how the layers are stacked. Then, the viscoelastic properties of
he suspensions are studied through rheology analyses to identify the
hear stress for flow initiation, check if the ink has a shear-thinning
ehaviour, i.e., if viscosity undergoes a linear decrease with increasing
hear rate, and post-printing recovery. After printing, the inks have to
resent a rapid solid-like response with a sufficient viscosity at zero
hear, high storage modulus and yield stress to maintain the construct
delity/shape [ 191 , 205 ]. 

As observed in many works, aqueous CNC or NFC-based inks have
 shear-thinning behaviour at specific concentrations with no need of
heology modifiers within typical shear rates in DIW printing, which
s between 0.01–50 s − 1 [191] . Size, shape, and surface morphology of
he cellulose fibrils were found to have the maximum effect on rheo-
ogical properties of colloidal suspensions [206] . The effect of different
17 
oncentrations of CNC in the rheology of dispersions for 3D printing is
resented in Fig. 11 B. Dispersions with more than 6 wt% of CNC have an
lastic behaviour at low shear rates (elastic shear modulus-G 

’ > viscous
odulus-G 

’’ ), which is suitable for 3D printing. However, high concen-
rations of CNC may lead to excessively high shear forces that are not
chievable in DIW and also lead to plug flow regime, where CNCs are
ot expected to be aligned. Therefore, the printing parameters and vis-
oelastic properties of the inks also influence the alignment of cellulose
bres during printing, which is crucial for reinforcement and localised
nisotropy purposes, as it will be discussed later in this section [191] . 

Fibre alignment is a crucial aspect of 3D printing using cellulose-
ased formulations. Cellulose alignment has been identified as one the
ost important factors to translate the high mechanical properties of
anocelluloses into bulk materials [ 207 , 208 ] and to amplify cellulose’s
nisotropic swelling/shrinkage behaviour under different moisture con-
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Fig. 11. The rheological characteristics of inks 
for 3D printing: A) Proposed methodology 
to assess bioink printability though 1. Initial 
screening and 2. Rheological assessment to 
evaluate the a) yield stress for flow initia- 
tion (b) shear-thinning behaviour and (c) post- 
printing recovery [205] . B) Rheological char- 
acteristics of dispersions with different concen- 
trations of CNC (6-40 wt%): a) Steady-shear 
measurement, b) oscillatory rheological, and 
c) shear yield stress. Reproduced with permis- 
sion from John Wiley and Sons, license num- 
ber: 4951521424963 [191] . 
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ent. Therefore, understanding the dynamics of fibre alignment and rhe-
logical properties is necessary to design inks and printing methods. 

A series of experiments to understand the alignment mechanism dur-
ng 3D printing by DIW and its correlation with rheology were con-
ucted [ 191 , 209 ]. In general, the alignment of cellulose in compos-
tes can be conducted by atomic force microscopy AFM, or more com-
only by X-ray diffraction (XRD) techniques (wide angle X-ray scat-

ering (WAXS) or small angle X-ray scaterring (SAXS)). By using AFM
t is possible to visually observe the orientation of the CNC particles
hroughout the 3D printed samples. WAXS, on the other hand, gives
ore quantitative data since this analysis is related to the crystal ori-

ntation of cellulose in a defined direction. By calculating the degree
f ordering and Herman’s order parameter [210] , the quantification of
ow well cellulose fibres are aligned to a specific direction (printing di-
ection, for example) is estimated. Cross-polarised light used in optical
icroscopy is a simple method that can also be used to estimate cellulose

rientation visually because of the birefringence effect when CNC is used
 150 , 211 , 212 ]. By using cross-polarized light, Siqueira et al. compared
ifferent printing modes with a solution cast film of CNC based inks for
IW. Those measurements were performed after drying the printed sam-
les (therefore containing 100% CNC). Their findings are presented in
ig. 12 and show the characteristic birefringence effect caused by CNC,
ith well defined orientated colours in the printed samples. 

During printing, the shear stresses arising from the applied pressure
re maximal at the nozzle and decrease linearly toward the centre of the
ozzle. In order to understand the particle alignment, rheological infor-
ation is necessary (quantitative analysis), as previously discussed. Cel-

ulose nanocrystals gels are stress-sensitive anisotropic inks, and there-
ore, the alignment of the particles changes the rheological properties
f the fluid as well. There is a complex interplay between the ink rhe-
logy, orientation dynamics and local shear rates. Shear stresses during
rinting must overcome the yield stress of the ink for the alignment of
NCs to occur. In addition, the printing shear stresses must not exceed
alues that create a plug flow regime, which is dependent on the ink
iscosity and nozzle size/geometry [191] 

The alignment of CNC during printing was also comprehensively in-
estigated by Hausmann et al. Their experiments showed that the com-
ination of shear and extensional flow in 3D printing nozzles with dif-
erent geometries is an effective way to tune the orientation of CNCs
rom aligned to core-shell organisation [209] . An in situ analysis using
ross-polarised light integrated into the rheometer setup was used to
nalyse the alignment and rheology behaviour of CNCs during printing,
s presented in Fig. 13 . If the printing nozzle induces extensional flow,
18 
ore substantial alignment is produced, on the contrary of aligned shell
round a randomly orientated core, generally produced by pure shear
onditions. The CNCs alignment time was found to be linearly depended
n the inverse of the shear rate at low shear values whereas, at higher
hear values, the interaction between particles (also related to concen-
ration) is more relevant for the alignment dynamics. 

.5. 3D printing of all-cellulose composites and cellulose derivatives 

In this section, complementing the information provided in Table 6 ,
ecent developments in the use of dissolved cellulose (or partially dis-
olved) cellulose, also herein named as all-cellulose composites, and
ellulose derivatives for additive manufacturing are presented. All-
ellulose composites manufactured by conventional methods have been
xtensively investigated and characterised, presenting outstanding me-
hanical properties, as presented and discussed in Section 3 . However,
esearch on 3D printing of all-cellulose composites (considering the cel-
ulose dissolution approach) has been limited. The main challenges in-
olved in the use of these formulations is on how to dissolve and regen-
rate (using an anti-solvent) cellulose to obtain high fidelity constructs
ith reduced/controllable shrinking after regeneration. 

The first attempts in 3D printing dissolved cellulose used ionic liq-
ids as a solvent. Markstedt et al. used an ionic liquid, 1-Ethyl-3-
ethylimidazolium acetate (EmimAc), to dissolve bacterial cellulose

nd commercial Avicel R ○ (microcrystalline cellulose) at concentrations
etween 1–4% [213] . Several attempts were conducted to 3D print the
btained gels in a syringe-based 3D printer using water as the anti-
olvent (used to regenerate cellulose) during printing either by manually
praying water or by printing in a coagulation gel using agar. The best
rinting characteristics were obtained by using solutions of 4% of dis-
olved pulp and agar gel as a regeneration medium. An interconnected
orous structure was obtained, but no information regarding mechanical
roperties is presented [213] . Other ionic liquids, [C4C1Im][OAc] and
C2C1Im][OAc], were also used to dissolve microgranular cellulose with
he addition of dimethyl sulfoxide (DMSO) and 1-Butanol as co-solvents
or rheology modification [214] . By using 2–5% of dissolved cellulose,
ifferent concentrations of DMSO (33–47 wt%) were necessary to make
he inks suitable for ink-jet 3D printing. Only small samples in the form
f drops were printed and regenerated in deionised water. 

Recent works have used more straightforward methods to dissolve
ellulose, achieving better mechanical stability of the 3D printed con-
tructs in the wet and regenerated conditions. By using formulations
f aqueous N-methylmorpholine N-oxide (NMMO)/cellulose pulp solu-
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Fig. 12. Qualitative analysis of CNC orienta- 
tion using cross-polarised light. 3D printed (a) 
grids and (b) block CNC-based gel (scale bars: 
10 mm). Optical microscopy images in cross- 
polarized light mode of CNC-based structures 
3D printed into c) grids and d) top view of 
block. e) Films obtained by solution-casting. 
Scale bars: i) 500 μm, ii) 200 μm, iii) 100 μm, 
and iv) 50 μm. The variation in colour indi- 
cated the preferred orientation of CNC fibres. 
Reproduced with permission from John Wi- 
ley and Sons, license number: 4951531043430 
[191] . 

Fig. 13. Alignment of cellulose nanocrystal 
particles during shearing in DIW (left) and in 
an in situ polarization rheological setup (right). 
Left: Schematic of a 3D printing process with 
(a1) randomly organized cellulose nanocrys- 
tals in the cartridge, (b1) shear-induced align- 
ment during extrusion through the nozzle, and 
(c1) the final oriented extruded segment. Right: 
Alignment of CNCs under shearing conditions 
visualized through in situ polarization rheol- 
ogy using a parallel plate geometry. The polar- 
ized light imaging system is integrated in the 
rheometer setup to enable investigation of the 
effect of shear rate and time on the CNC ori- 
entation process (a2, b2, and c2) Reproduced 
with permission from [209] . Copyright 2018, 
American Chemical Society. 
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ions with only 13 wt% of water, Li et al. 3D printed objects at 70 °C by
IW. The extruded gel solidified when exposed to the air, and the gen-
rated object was regenerated in deionised water followed by freeze-
rying. The 3D printed structure maintained its dimensions and ex-
ibited proper compressive and tensile strengths, even in the gel form
215] . More recently, Jiang et al. obtained constructs with outstanding
pecific mechanical performance and stability [149] . A NaOH/urea so-
ution was used to dissolve cellulose pulp (as the form of a filter paper)
t a low temperature (-12 °C), and the obtained “dope ” was 3D printed
y DIW. By increasing the cellulose concentration in the NaOH/Urea
olution, the ratio of cellulose I/cellulose II increased (determined by
-ray diffraction), which means that some cellulose fibres were only
artially dissolved. These partially dissolved fibres worked as reinforce-
ent in the 3D printed structures after regeneration, which consider-

bly improved the mechanical properties. 3D printed and freezed-dried
19 
oneycomb structures, like the ones shown in Fig. 14 , supported over
5,800 times of its own weight. The authors also explored the use of the
btained materials as a structural thermal insulation material. 

With a different strategy, cellulose acetate (CA) dissolved in acetone
as used to 3D print dense cellulose constructs ( Fig. 15 a) [216] . The
ain advantage and innovation in this method was the conversion of

ellulose acetate into cellulose by deacetylation through immersion in
n alcoholic NaOH solution. The authors reported tensile strength and
oung’s modulus of 55 MPa and 2.5 GPa, respectively, with failure strain
f around 12% for the converted 3D printed specimen ( Fig. 15 b). These
alues are higher than those of thermoplastic polymers used for FDM
uch as PLA, ABS, and Nylon [216] . One important aspected observed
n this study is that independently of the printing direction used for the
pecimens, there was no difference in the tensile properties, i.e., there
s no anisotropy, commonly observed in 3D printed samples. 
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Fig. 14. Images of (a) 3D printing of all-cellulose honeycomb structure; (b) 
The freeze-dried cellulose honeycomb standing on top of dandelion showing 
its light-weight Reproduced with permission from Elsevier, license number: 
4951540248599 [149] . 
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The use of cellulose derivatives such as hydroxyethylcellulose (HEC)
18] , cellulose acetate (CA), acetoxypropyl cellulose (APC) [217] , car-
oxymethylcellulose (CMC) [ 14 , 20 ], and photocurable cellulose acetate
utyrate (PC- CAB) [218] have also been explored as promising mate-
ials for 3D printing. An example of a novel approach in using cellu-
ose derivatives for 3D printing of structures with controlled stiffness
s presented by [18] . Solutions based on HEC present shear-thinning
roperties and have a pH-dependent gelation time, which allows further
djustments of rheology for 3D printing using different additives. Fol-
owing a design-to-fabrication workflow approach, inks based on HEC
10 wt%) with microcrystalline cellulose, lignin, and/or citric acid were
sed to print 2D surfaces with functionally graded properties for pro-
rammable deformation through controllable stiffness variations. Sim-
larly, a design-driven approach was used to 3D print by DIW the cel-
ulose derivatives, cellulose acetate (CA) and acetoxypropyl cellulose
APC), onto cellulosic fabrics to produce textiles with controllable prop-
rties [217] . 

Hu et al. explored the use of a cellulose derivative as a photocurable
esin for continuous liquid interface production (CLIP), a type of pho-
opolymerization printing method. This method can print an object in
inutes by a raising platform that pulls an object created by projecting

n image (corresponding to each layer of the object) at a specific light
avelength onto photocurable resins. Cellulose acetate butyrate (CAB)
as modified with 2-hydroxyethyl methacrylate (2-HEMA) units to pro-
uce a photocurable formulation. The obtained resin was 3D printed by
LIP method and post-treated with UV light to finish the object cur-

ng and improve the mechanical properties. The 3D printed material
resented high printing fidelity, solvent resistance, and promising me-
20 
hanical properties, achieving tensile and flexural strengths of 44.7 and
4.5 MPa, respectively [14] . 

.6. Cellulose in 4D printing 

Design with smart materials for 4D printing includes three essential
spects. Firstly, the use of stimuli-responsive composites which can be
lended or incorporated in materials with different properties. The sec-
nd aspect is the selection of stimuli whose action on the object will
llow it to animate correspondingly. Such stimuli include changes in
umidity, temperature, magnetic field, and ultraviolet (UV) light. The
hird aspect of design incorporates the time needed for the stimulation
o happen, which results in the property change of the material [219] . 

Moisture or water-responsive materials have gained popularity in
ecent years due to their ubiquitous stimulus and a wide range of appli-
ations. One of the most significant materials include hydrogels which
xhibit special moisture responsivity since their hydrophilic properties
llow them to expand up to 200% more than their original volume. Be-
ides, these materials exhibit high printability. However, a drawback
ith this material is its slower reverse response time implying that a

ong time is required before the hydrogels dry and shrink back [220] . 
Several organisms such as leaves and flowers respond to environ-

ental stimuli, leading to dynamic conformations governed by the tis-
ue compositions and anisotropy of the cell walls. By using localised
nisotropic swelling/shrinkage behaviour controlled by cellulose align-
ent, transformations according to external changes may occur. In an

mblematic and pioneer work, Gladman et al. reported that a combi-
ation of NFC and hydrogel ink resulted in fibre alignment induced by
hear forces during printing (the composition of the ink and printing
ethodology are given in Table 6 ) [16] . The alignment attained im-
roves transverse swelling, which further allows programming of the
D-printed structure. The authors used a mathematical model based on
he classical Timoshenko model for thermal expansion in bilayers with
 metric-driven approach to control the curvature of bilayer structures.
ydrogels’ swelling can be regulated through temperature in the am-
ient environment. By cooling or heating the ambient water, the sat-
ration point can be adjusted, and over swelling can be prevented by
mploying unique hinge designs. Fig. 16 shows a schematic representa-
ion of the main outcomes described in this work, i.e., the effect of 3D
rocessing on the alignment of cellulose fibrils, and the control of shape-
hanging effect by different designs and cellulose addition [ 16 , 221 ]. 

By using a similar concept, sodium carboxymethyl cellulose (Na-
MC) was used as a matrix for inks with cellulose pulp, montmoril-

onite clay, and crosslinking agent (mainly citric acid) to 3D print ob-
ects with hygromorphic properties [20] . The high compatibility of the
ellulose fibres with the matrix enabled shear thinning behaviour of the
ormed gel with high fibre loading (50% wt%) without clogging dur-
Fig. 15. a) Schematic of cellulose acetate 
(CA) additive manufacturing process. b) Ten- 
sile stress–strain curves of dogbone samples 
noted (10 points moving average); curves were 
terminated at point of sudden failure. Inset: im- 
age of dogbone part used for tensile testing 
(scale bar 10 mm). Reproduced with permis- 
sion from John Wiley and Sons, license num- 
ber: 4951530614515 [216] . 
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Fig. 16. Biomimetic 3D printing. a) Shear- 
induced alignment of cellulose fibrils dur- 
ing printing and effect on anisotropic stiff- 
ness/swelling strain. b–d) Representation of 
cellulose fibrils (blue) in isotropic (cast) (b), 
unidirectional (printed) (c) and patterned 
(printed) (d) samples (scale bar, 200μm). Gen- 
erated flower with complex flower morpholo- 
gies with printed patterns of 90 o /0 o (e) and 
45 o /45 o (f) [16] . Effect of the addition of NFC 
(g) with 0 wt% (left), and flower with 0.8 wt% 

NFC (right). Images obtained after 24 h im- 
mersion in water [221] . Reproduced with per- 
mission from Springer Nature, license number: 
4951530916945 [16] . 

Fig. 17. Moisture responsive behaviour of 
bilayer 3D printed structures composed of 
polymer/wood composite and thermoplastics 
polyurethane layer. Reproduced with permis- 
sion from Oxford University Press, license num- 
ber: 4951510827150 [222] . 
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ng printing. Additionally, the addition of clay helped the stabilisation
f the construct after printing and improved the rheology of the ink.
 shape memory property by hydration/de-hydration cycles was ob-
erved, which was described as depended on the crosslinking efficiency
nd ratio of cellulosic polymers (CMC:HEC). 

The use of FDM for 4D printing has been limited to the use of wood
lled filaments with hygromorphism [ 15 , 33 , 173 ]. The use of high cellu-

ose content fibres and nanocellulose for 4D printing is concentrated in
IW method. Fig. 17 shows an example of a 3D printed bilayer structure
omposed of wood/polymer composite (generally a biopolyester) and a
table layer (TPU) that has a curling effect when exposed to moisture
222] . By increasing the moisture content, the expansion of wood fibres
s constrained by the polymer, resulting in a controlled extent and direc-
ion of deformation [33] . The main issue with 4D printing hygromor-
hic wood-based biocomposites is the reduced mechanical properties
ompared to neat bio-derived polymer filaments. 
21 
The use of cellulose has also been explored in different ways for
dvanced materials. As previously mentioned, in an attempt to create
extiles with controllable properties, inks based on the cellulose deriva-
ive HEC, microcrystalline cellulose, and other additives were used in
ombination with cellulosic textiles to create 2D controllable stiffness
ariations for functionally graded properties, and therefore, program-
ble deformation [18] . This approach can be used for predic Table 2 D
o 3D transformations by the application of external loads. 

Last but not least, the use of cellulose in formulations for 3D printing
as opened new opportunities in novel materials orientated to energy
torage, sensors, and biomedical applications [ 19 , 223 ]. Sultan et al.,
019 reported a new processing route to 3D print metal-organic frame-
orks (MOFs), crystalline materials with coordination bond between
etal cations and anionic organic linker, based on TEMPO-oxidised NFC

TONFC). The authors reported an in situ growth of MOFs onto TONFCs,
avoured by the coordination of Zn 2 + or Fe 2 + to the carboxylic groups of
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he cellulose fibres. The synthesis and DIW-based printing took place at
oom temperature using water as a solvent. Additionally, the obtained
D printed constructs were used for stimuli-responsive (change in pH)
elease of healing agents, such as curcumin and methylene blue, with
otential use in biomedical applications for customised implants (the
ain advantage of using a 3D printing method) [223] . In another study,

he use of NFC was crucial for the development of inks in combination
ith alginate for 3D printing of aerogel structures [19] . The obtained
D printed construct presented suitable stability, porosity, and density
23–38 kg/m 

3 ) to be used as a substrate for further functionalisation
ith other materials. As an example, a conductive polymer was impreg-
ated into the NFC aerogel, resulting in high capacitance values, which
an be considered for supercapacitor and sensors applications [19] . 

. Summary and outlook 

Through this extensive literature review, the unquestionable poten-
ial of cellulose as a multifunctional material for a wide range of novel
pplications is presented. The unique physical, chemical, and mechani-
al properties of cellulose have been explored for the formulation of new
iocomposites, extending its use in additive manufacturing technolo-
ies as a binder, matrix, reinforcement, rheology modifier, and stimuli-
esponsive material. 

Although a considerable amount of work has been directed to de-
elop new solutions for 3D printing using cellulose, some challenges
till remain. As a reinforcement, cellulose still does not present its true
otential considering its intrinsic mechanical properties. To improve the
einforcing performance of cellulose, increasing interfacial bonding and
ispersion of cellulose fibres in polymeric matrices are essential. Nev-
rtheless, the technology for 3D printing cellulose-based formulations
as been in constant development with new outstanding properties and
pplications being reported. 

Research on 4D printing hygromorphic cellulose composites is still
n the initial stages, and further studies are needed to better understand
he effects on fibre distribution and orientation on the responsiveness of
he materials. Improving mechanical performance along with achieving
esponsiveness of 4D printed cellulose-based materials is also one of the
hallenges that need to be addressed. 

In general, the versatility of cellulose as a renewable feedstock com-
ined with the freedom of design provided by additive manufacturing
s a perfect match for the development of sustainable solutions for ad-
anced applications. In the future, the use of cellulose is envisaged
ot only for common materials but also in niche commercial appli-
ations, where multi-functionality, sustainability, design, and perfor-
ance, combined, are requested. 
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