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A B S T R A C T   

Cellulose nanocrystals (CNCs) have gained significant attraction from both industrial and academic sectors, 
thanks to their biodegradability, non-toxicity, and renewability with remarkable mechanical characteristics. 
Desirable mechanical characteristics of CNCs include high stiffness, high strength, excellent flexibility, and large 
surface-to-volume ratio. Additionally, the mechanical properties of CNCs can be tailored through chemical 
modifications for high-end applications including tissue engineering, actuating, and biomedical. Modern 
manufacturing methods including 3D/4D printing are highly advantageous for developing sophisticated and 
intricate geometries. This review highlights the major developments of additive manufactured CNCs, which 
promote sustainable solutions across a wide range of applications. Additionally, this contribution also presents 
current challenges and future research directions of CNC-based composites developed through 3D/4D printing 
techniques for myriad engineering sectors including tissue engineering, wound healing, wearable electronics, 
robotics, and anti-counterfeiting applications. Overall, this review will greatly help research scientists from 
chemistry, materials, biomedicine, and other disciplines to comprehend the underlying principles, mechanical 
properties, and applications of additively manufactured CNC-based structures.   
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1. Introduction 

The additive manufacturing (AM), also known as the three- 
dimensional (3D) printing, is an emerging technology, which has 
gained tremendous attraction in diverse areas including biomedicine, 
automotive, aerospace, and structural applications [1]. This technology 
involves the digital designing of 3D objects with precise dimensions 
through a spatial or layer-by-layer deposition [2]. It eliminates the need 
for dies, molds, or lithographic masks. These modern manufacturing 
techniques can produce cost-effective, on-demand, and customized 
products with high structural complexities by using a variety of mate
rials such as metals, alloys, polymers, and ceramics [3–5]. Owing to 
these distinct features, the AM is considered as the next-generation 
manufacturing technology. 3D printing is further classified into five 
main techniques; (i) Extrusion-based printing, which includes fused 
deposition modelling (FDM) and direct ink writing (DIW), (ii) Photo
polymerization or vat-photopolymerization that incorporates digital 
light processing (DLP) and stereolithography (SLA), (iii) Powder-based 
printing like selective laser sintering (SLS), (iv) Binder jetting, (v) Ma
terial jetting or inkjet printing (IJP) [6–9]. 

With the rapid progress in the AM and the prevalence of eco-friendly, 
natural, and sustainable materials, the 3D printing of smart materials 
has gained immense interest around the world and exhibits a huge 
market potential in near future [10–12]. Fig. 1 shows the market values 
and shares of AM-based various products in the last decade. In 2013, 
Prof. H. Jerry introduced the neologism “four-dimensional (4D) print
ing” during a technology, entertainment, design (TED) talk [13]. This 
printing is highly suitable to develop smart products for intricate and 
dynamic environments. It involves the development of 3D-printed 
structures, which respond to external stimuli such as heat, water, pH, 
light, moisture, magnetic and electric field in a predictable and 
controlled manner [14]. Materials that are responsive to stimuli are 
known as smart materials. These materials possess the ability to change 
shape on a macro to micro scale under a stimulant environment, as well 
as add functionalities to the printed materials for various novel appli
cations such as soft robotics [15], biomedical [16–18], and self- 
deployable structures [19]. 

4D printing is a fast-growing, challenging, and innovative research 
area that is attracting academics and industries over the past few years 
[21–23]. Structures, devices, and various items developed through 4D 

printing are often considered smart and flexible, as smart materials 
change their morphologies in a controllable and programmed way over 
time [24]. Furthermore, this technology offers various advantages over 
traditional manufacturing routes, such as unrestricted and complex 
design, faster production, low manufacturing cost and waste, and the 
one-step manufacturing process which include multiple materials com
bined into a single object [25–27]. Smart materials include polymers, 
ceramics, and alloys. Out of these materials, shape memory polymers 
(SMPs) are promising materials for 4D printing, thanks to their excellent 
ability to recover their original shape from deformed shapes, under 
external stimulations [28]. To date, various SMPs like polylactic acid 
(PLA), polycaprolactone (PCL), polyethylene glycol (PEG), etc. are used 
for different engineering applications due to their excellent mechanical 
and functional properties [29]. 

1.1. 3D/4D printing of sustainable materials 

The emergence of synthetic polymers and their composites is highly 
promising from an AM perspective [30]. Apart from the fact these ma
terials are relatively expensive and the extensive use of synthetic poly
mers creates harmful effects in the environment, as they are composed of 
thermosets plastics which do not degrade easily even at their end-of-life 
(EOL), thus, creating soil, water and air pollution [31–33]. Therefore, 
there is an urgent need to replace synthetic materials for protecting the 
environment as well as a potential source for 3D/4D printing materials 
that can demonstrate excellent shape morphing behaviour under natu
rally existing stimuli, to maximize the consumption of sustainable ma
terials, which promotes an eco-friendly environment [34]. According to 
global decarbonization, the development of energy-efficient technolo
gies is need to be in more practice and regularized [35–37]. AM tech
nology consumes a low amount of energy in comparison to traditional 
manufacturing techniques [38–40]. 4D printing is developed to take 
more advantage of 3D printing techniques by regulating the printed 
structures under external stimuli [41–43]. 

Naturally available polymers such as cellulose, silk, starch, keratin, 
chitosan, and gelatin are promising materials for various engineering 
applications such as construction, pharmaceutics, flexible devices, and 
wearable electronics, due to their environmental sustainability and 
intrinsic biocompatibility [44–46]. The booming development of 4D- 
printed biopolymeric materials caught the attention of researchers for 

Fig. 1. (a) Market share; (b) Market value of 3D-printed various products across different sectors from 2012 to 2022. 
(Adapted from [20], under the Creative Commons Attribution license). 
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producing highly promising soft bioelectronic devices and intriguing 
structures for many engineering applications [47–49], as highlighted in 
Fig. 2. It is worth mentioning that cellulose-based composites have 
become promising candidate materials for developing and promoting a 
green environment [50]. 

Cellulose is a renewable and sustainable polymer widely available in 
nature and is usually produced from algae, plants, bacteria, and fungi. 
The world is using cellulose as a chemical raw material for >150 years 
[51]. Cellulose-based materials have been extensively applied in myriad 
engineering sectors including the building, biomedical, automobile, 
textile, electronics, food packaging, and energy industries, thanks to 
their sustainable, renewable, biocompatible, biodegradable, and toxic- 
free nature. Different cellulosic materials such as regenerated cellu
lose, wood pulp, etc. have been extensively applied to develop sustain
able composites [52,53]. In the contemporary era, cellulose and its 
derivatives are employed for formulating hydrogels and stimuli- 
responsive materials through AM [54]. The rapid progress in the 
nanotechnology field diverted attention towards sustainable nano
cellulosic materials including cellulose nanocrystals (CNCs), cellulose 
nanofibrils (CNFs), and bacterial cellulose (BC). These nanomaterials 
are considered environmentally benign, cost-effective, and sustainable 
with extraordinary strength-to-weight ratio. In recent years, different 
combinations of nanocellulose have been employed to develop com
posites to make them distinctive biomaterials [55]. 

1.2. Scope of review 

Although a significant number of reviews on topics “3D/4D printing” 
and “cellulose materials” have been published in the last decade, those 
reviews are usually focused on the understanding of 4D printing 
[56–59], smart materials [60–62], stimuli mechanisms [63], and their 
emerging applications. Furthermore, numerous reviews exist on the 3D 
printing of cellulosic materials, which contains their novel applications 
[64]. A few review articles have also elucidated the 4D printing of 
naturally available materials [65,66]. For instance, Muthe et al. [67] 
recently published a review article on understanding the role of natu
rally available materials from the 3D/4D printing perspective. Although, 
Gauss et al. [68] published a review article on cellulose-based bio
composites and comprehensively summarized the recent advances in 
3D/4D printing technologies using cellulosic materials. Key aspects 
related to their functional requirements for the development of smart 
and responsive structures were also analyzed. However, the literature 
lacks a detailed information about 3D/4D printing of CNC-based bio
materials. The current review focuses on the utilization of CNCs in 3D/ 
4D printing, and major developments in this field. This contribution also 
provides systematic discussions on 4D-printed CNC-based structures, 
and their applications in biomedical, smart flexible electronics, and soft 
robotics. Thus, the proposed review can be a reference for future 
research on understanding the basic concepts of 3D/4D printing for 
CNCs. Finally, this review envisages future directions for promoting 
smart and sustainable manufacturing by highlighting the key obstacles 

Fig. 2. Pieces of the flower petal revealing potential applications of 4D-printed sustainable polymer materials. Many pieces remain unknown.  
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and possible remedies for the proposed research field. 

2. Cellulosic materials 

The total annual biomass production of cellulose is 1.5 × 1012 

tonnes, which mainly originates from agricultural residue, wood, algae, 
tunicate, and bacteria [69,70]. Cellulosic materials are mainly applied 
to produce paper and pulp. Additionally, the incorporation of cellulose 
into novel materials like polymers, hydrogels, and nanocomposites has 
also been evaluated [71]. This section provides a brief overview of 
cellulose along with an in-depth account about nanocellulose materials, 
especially CNCs. 

Cellulose is a linear carbohydrate polymer of glucose units linked 
with β-1,4 glycosidic bonds. It is the main structural component of plant 
cell walls and is considered a polysaccharide due to the sugar monomers. 
Highly ordered cellulose chains generate cellulose nanocrystalline 
structures [72]. The combination of cellulose nanocrystalline and 
disordered cellulose is ingrained in a matrix, which consists of lignin, 
hemicellulose, and a minuscule amount of pectin, thus, developing a 
hierarchical structure, as illustrated in Fig. 3. The complex composition 
and hierarchical structure of plant cell walls permit the development of 
sustainable products with extraordinary mechanical properties [73–75]. 

It is a porous polysaccharide with unique properties such as abun
dant availability, biodegradability, lightweight, low density, high 
porosity, eco-friendliness, and easy functionalization. As cellulose be
longs to the family of natural photonics and recently, it has piqued the 
interest of researchers, due to its potential in mitigating environmental 
concerns and can be used as a green alternative to petroleum-based 
products [78–80]. 

Cellulose derivatives can be used as alternatives to pure cellulose, 
thanks to their better dissolution. Furthermore, these materials can be 

transformed to cellulose through aqueous or ethanolic hydrolysis [81]. 
Table 1 incorporates different cellulose derivatives, their major sources, 
and their usual applications. Some cellulose derivatives such as 
hydroxypropyl methylcellulose, and carboxymethyl cellulose (CMC) 
exhibit poor water resistance and thus limited applications underwater 
[82–84]. CNC and CNFs are highly diverse materials, with lengths of 
100–600 nm and diameters of ~2 to 20 nm, whereas microfibrillated 
cellulose (MFC) has a diameter from nano- to micro range, with length 
typically >1 μm [85–87]. 

Nanocellulose is nano-scaled material separated from plant cell 
walls, bacteria, or cotton linters by using high-speed homogenization, 
acid hydrolysis, and bacterial process [112]. These nanomaterials are 
extracted from natural cellulosic fibers and contain diameter in nano
metre range and length of a few microns. Nanocellulose has been 
explored widely, thanks to its excellent mechanical properties, biode
gradability, reinforcing properties, and low density [113]. Different 
types of nanocellulose are CNC, CNF, and bacterial nanocellulose (BNC), 
which are isolated from a variety of cellulose sources through a top- 
down approach [114–116]. 

2.1. Cellulose nanocrystals 

Cellulose nanocrystals (CNCs) are stiff rod-like nanoparticles (NPs), 
known as cellulose whiskers, and are extracted from agricultural 
biomass and plants through a combination of mechanical and chemical 
treatments [117–119]. CNC has typically the length of 100–3000 nm, 
diameter of 3–50 nm and aspect ratio vary 5–200, mainly depends on the 
biological source and isolation methodology [120]. These nanomaterials 
are the derivatives of a variety of cellulose and are isolated through 
microbial or enzymatic digestion, nonchemical fragmentation, acid 
hydrolysis, or other top-down fabrication techniques [121]. Strong acid 

(a) 

(b) 

Fig. 3. (a) Schematic representation showing the hierarchical structure of a wood (adapted with permission from [76], copyright 2020, Wiley VCH GmbH); (b) CNCs 
and amorphous regions (disordered) of fibrils composed of cellulose chain unit (adapted from [77] copyright 2011, the Royal Society of Chemistry). 
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hydrolysis is the most prominent method applied for extracting CNCs 
from cellulose. Fig. 4 depicts the needle-like CNCs extracted from the 
cell plant wall through acid hydrolysis. The yielding of CNCs is depen
dent on the optimum temperature of 60–70 ◦C and acid concentration of 
56–60 wt%. However, it is inconvenient to extract CNCs through this 
method, due to the difficulty in the treatment of acid waste [122]. 

These sustainable nanomaterials can be surface-modified with other 
functional groups to obtain specific functionalities. Geometrical di
mensions of CNCs depend upon the starting cellulosic materials and 
processing conditions [124]. Table 2 summarizes the extraction of CNC 
from different natural sources through different methods along with 
their functional properties and dimensions from the most recent studies. 

Cellulose nanocrystals are highly suitable for engineering applica
tions like drug delivery, tissue scaffolds, wound dressings, packaging 
films, electronics, and wastewater treatment, thanks to its high young's 
modulus (150 GPa), low density, excellent tensile strength (10 GPa), 
excellent colloidal stability, high surface area (~250 m2/g), optical 
transparency, biocompatibility, and biodegradability [142]. 

Furthermore, CNCs possess the ability to self-assemble into chiral- 
nematic crystalline phase. Additionally, CNCs possess surface charge, 
and amphiphilic properties, and can be used to modify the electrical, 
optical, and rheological properties of polymers. They do not swell in the 
humid environment due to hydrophilic surfaces [143–145]. 

2.1.1. CNC-based composites 
CNC-based composites are fabricated by using CNCs and polymers 

like alginate, chitosan, PLA, PCL, etc. The incorporation of CNCs in 
polymer matrices significantly improved the thermal resistance, biode
gradability, barrier properties, and mechanical properties, without 
detracting from the materials sustainability. Recently, CNCs have been 
widely explored as reinforcing elements in smart as well as novel bio
composites [146]. These CNC-based composites have tremendous po
tential in tissue engineering, drug delivery, wound dressing, bone 
replacement, bio-sensing, and stimuli-responsive optics, thanks to their 
superior characteristics [147]. For instance, Voronova et al. [148] pre
pared polyacrylamide/CNC composites. Results showed that the 

Table 1 
Cellulose derivatives, their major sources, and common applications.  

Cellulose 
derivatives 

Subtypes Major source Common applications Ref. 

Nanocellulose 

BC Komagataeibacter xylinus, Achromobacter, Aerobacter, 
Pseudomonas, and Rhizobium 

Wound healing [88] 

CNF Wood and plants Food industry, biomedical sector and drug deliver [89,90] 

CNC Wood or plant pulps 
Drug delivery, food industry, and tissue engineering 
over biosensors and biomedical sector. [91–93] 

Cellulose 
microfibrils 

– Wood or plant pulps Wound healing and biomedical devices [94–96] 

Algal cellulose – Posidonia oceanica, (Cladophora) and (Gelidium elegans) Tissue engineering [97] 
Tunicate cellulose – Sea living animals Biomedical applications [98] 
Cellulose gel from 

corn cub – Plants Food and cosmetics [99] 

Cellulose fibers – Woods and plants Biomedical applications [100–102] 

Cellulose ether 

Methyl cellulose 

Applying some chemical modification on naturally 
derived cellulose from various sources such as wood pulp, 
plants, and various fibers 

Food industry, textile industries, self-cleaning 
materials, batteries, antibacterial materials, porous 
materials, biomedical applications 

[103–107] 

CMC 
Ethyl cellulose 
Hydroxy-propyl methyl 
cellulose 
Benzyl cellulose 
Allylethyl cellulose 
Benzylhydroxyethyl 
cellulose 

Cellulose ester 
Sulfate cellulose Obtained through heterogeneous, homogenous, or quasi- 

homogenous sulfation procedures 
Tissue Engineering [108] 

Cellulose acetated Wood pulp Drug delivery [109–111]  

Fig. 4. Schematic representation of CNCs extraction through chemical treatment and TEM image of as-generated CNCs. 
(Adapted with permission from [123], copyright 2022, Elsevier Ltd.). 

M.Y. Khalid et al.                                                                                                                                                                                                                               



International Journal of Biological Macromolecules 251 (2023) 126287

6

proposed CNC-based composites demonstrated higher temperature 
degradation and good re-dispersibility of the freeze-dried than the neat 
CNC. Thus polyacrylamide/CNC composites have excellent potential to 
use as compatibilisers and emulsifiers. Researchers have frequently used 
CNC to strengthen the novel biocomposites, and they have ability to 
accommodate other natural biopolymeric materials. Recently, Zhao 
et al. [149] developed CNC/CNF/microscopic cellulosic fines-based 
collagen biocomposites. Reported results demonstrated that the 
strength of biocomposites was improved by increasing the concentration 
of CNF and cellulosic fines. Gois et al. [150] proved that surfactants 
treated PLA/CNC composites have outstanding degradation rate with 
low spherulite size. Highly porous structure can also produce through 
CNC-based composites. For example, polyvinylidene fluoride/CNC 
composites have remarkable porous structure with the specific surface 
area of 12.22 m2 g− 1, which allowed an improved adsorption capacity 
up to 73.04 g/g for engine oil applications [151]. 

2.1.2. CNC-based hydrogels 
CNC-based hydrogels are attractive biomaterials for biomedical ap

plications, thanks to their extraordinary swellability, biocompatibility, 
and stimuli-responsiveness. In general, CNCs lack the ability to entangle 
with each other to develop mechanically stable hydrogels, due to their 
rigid structure and small aspect ratio. Therefore, it is difficult to develop 
hydrogel by using CNC fillers only, when compared with other polymers 
[152]. So, mechanically stable CNC-based hydrogels can be acquired by 
introducing crosslinking networks or by altering surface chemistry 
[153] which is usually done by incorporating CNCs into polymer net
works through physical or chemical methods. The corresponding 
hydrogels are called physical gels or chemical gels, respectively [154]. 
Physical gels are bound together through non-covalent bonds like van 
der Waals forces, polymer chain entanglements, hydrogen bonding, 
ionic interactions, and crystallite associations. On the other hand, in 
chemical gels, covalent bonds are formed between polymers through 

Table 2 
Summary of recent works on extraction of CNC from different natural sources through different methods along with their functional properties and dimensions.  

Natural 
resource 

Method Dimensions of CNC Functional characteristics of prepared CNC Ref. 

Diameter/ 
width (nm) 

Aspect ratio Length (nm) 

Rice straw Sulfuric acid hydrolysis 5.76 – 113 The proposed strategy is highly adapted for producing high- 
quality CNC from various biomass saccharification without 
any additional surface treatment. 

[125] 

Wheat bran Sulfuric acid hydrolysis 30.58 ± 7.42 25.91 ± 9.93 678.58 ± 92.76 CNC improved the storage stability of protein film. [126] 
Raw Napier 

grass stems 
Sulfuric acid hydrolysis 11.5 ± 2.6 – 156.6 ± 59.6 Triethoxyvinylsilane-modified CNC is considered a 

potential reinforcing filler for natural rubber-based 
biocomposites. 

[127] 

Artemisia 
annua Stems 

Sulfuric acid, phosphoric 
acid, and hydrochloric acid/ 
citric acid hydrolysis 

4.7–7.2 – 384–504 

The prepared CNC have high crystallinity, uniform rod- 
shaped with remarkable thermal stability and high 
crystallinity, especially for those CNC obtained from 
sulfuric acid hydrolysis. 

[128] 

Kraft pulp Sulfuric acid hydrolysis – – 130–220 
CNC average particle size ranged between 160 and 170 nm, 
and cellulosic solid residues were roughly 270 nm. [129] 

Waste cotton 
fabrics 

Sulfuric acid hydrolysis 
18.4 ± 7.8 
and 15.1 ±
10.5 

15.2 ± 5.9 and 
6.3 ± 3.0 

249.5 ± 85.6 and 
87.9 ± 58.5 

The CNC derived from partially dissolved cellulose in 
solvent treatment demonstrated better reinforcing effects 
on tensile strength and oxygen barrier properties than CNC 
derived from completely dissolved cellulose in solvent. 

[130] 

Waste cotton 
from the 
hospital 

Ultrasound acid hydrolysis – – 10–50 

The prepared CNCs had high crystallinity (81.23 %), low 
particle size (221 nm), and stable thermal properties 
(140–180 ◦C) for potential applications in electronics, 
sensors etc. 

[131] 

Cotton wool Sulfuric acid hydrolysis – – – 
Carboxylated CNC and chloride anions were used for 
producing 3D porous polypyrrole supercapacitors with high 
performance for energy storage applications. 

[132] 

Coconut gels Sulfuric acid hydrolysis ~20 – 75–500 
The interaction of water molecules with the CNC surface 
caused substantial structuring of the interface which may 
affect their surface adsorption and interaction behaviour. 

[133] 

Kraft pulp Hydrochloric acid 
hydrolysis 

27.5 17.1 470 
Hexadecyl trimethyl ammonium bromide at a low 
concentration (0.13–0.47mM) is highly useful for steric 
barriers to minimize the CNC aggregation. 

[134] 

Pinewood Acid hydrolysis 7 – 50 

Maleic anhydride improved the dispersion of CNC in high- 
density polyethylene, which enhanced elongation at 
maximum tensile strength by up to 20 % of CNC-based 
composites. 

[135] 

Wood pulp Sulfuric acid hydrolysis – – 140–217 
The low-cost 2D transition-metal dichalcogenides 
nanosheets/CNC-based composite highly effective for 
artificial skin, sensor, and multi-responsive photonic films. 

[136] 

Cotton Sulfuric acid hydrolysis 2–20nm – ~100 
The surface modified CNCs improved the tensile strength, 
modulus and toughness of PLA/CNC biocomposites. [137] 

Cotton pulp 
fiber 

Enzymatic hydrolysis 30–45 – 250–900 The width of ribbon-like CNC reduced with the increase of 
cellulose concentration. 

[138] 

Cotton pulp Sulfuric acid hydrolysis 
20–180 
(sphere 
shaped) 

4–18 (rod 
shaped), 10–40 
(sphere shaped) 

60–160 (rod 
shaped), 80–300 
(sphere shaped) 

Two types of high quality CNC were obtained including 
cellulose nano spheres (short layer distance, lower order 
degree, and weaker long-range orientation) and cellulose 
nanorods with anisotropic properties permits their self- 
organization into chiral nematic liquid crystals. 

[139] 

Softwood kraft 
pulp Sulfuric acid hydrolysis 6 – 140 

The developed CNC/waterborne PU photonic composites 
have enormous scope in intelligent decoration, and anti- 
counterfeiting applications. 

[140] 

Rice bran Sulfuric acid hydrolysis 5.72 ± 1.35 20.79 114.75 ± 37.37 Curcumin-encapsulated Pickering emulsion was 
successfully prepared using CNCs. 

[141]  
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free radical polymerization, graft copolymerization, or radical copoly
merization that develop permanent junctions within the polymer 
network [155]. 

Currently, several methods including cyclic freeze-thaw processing, 
homogenized mixing, UV/ion mediated crosslinking, free radical poly
merization, and 3D printing have been widely exploited to mix CNC with 
different types of polymer networks such as PLA, PEG, natural bio
polymers, etc. [156]. It also opens pathways for fabricating flexible 
hydrogels, which exhibit high surface area, high mechanical strength, 
and tailorable surface chemistry [157]. Recently, CNC-based hydrogels 
have been extensively applied in different engineering applications 
[158]. 

3. 3D/4D printing techniques 

AM is a rapidly developed material manufacturing technology for 
developing sustainable structures through layer-by-layer slices [159]. 
Compared to conventional fabrication techniques, AM technology per
mits the fabrication of complex structures. As a result, it has become an 
effective pathway for achieving high design flexibility and prototyping 
freedom at high resolution. 3D printing of cellulose-based composites 
has exhibited its potential for various applications, such as target drug 
delivery, complex architectures, tissue engineering, dental, automotive, 
customized food design, etc. [160–162]. The 3D printing technology has 
been explored for incorporating CNCs into different synthetic polymers 
as well as some types of natural polymers [163]. These printing tech
niques include extrusion-based printing (e.g., fused deposition model
ling (FDM), direct ink writing (DIW)), vat photopolymerization (e.g., 
stereolithography (SLA), digital light projection (DLP), two-photon 
polymerization (TPP)), and inkjet printing (IJP) [164]. Table 3 sum
marizes the important features, advantages, disadvantages, and com
mon stimuli mechanisms for different 3D printing techniques used to 
print CNC-based sustainable structures. This section elucidates the ad
ditive manufacturing techniques used to print CNC-based composites. 

3.1. Extrusion-based printing 

Extrusion-based printing is a commonly used process, which enables 
the programmable assembly of 3D periodic structures. This technique 
selectively dispenses the extruded material in a layer-by-layer fashion, 
as illustrated in Fig. 5(c). It can use sustainable cellulosic materials 
including cellulose derivatives, lignocellulosic materials, and cellulose- 

based nanomaterials, as feedstock printable materials [183]. More
over, extrusion-based printing is highly suitable for developing CNC- 
based structures with propitious anisotropic properties by aligning all 
CNCs in one direction. These 3D-printed uniaxial-oriented CNC-based 
composites can be extensively applied to develop actuators and optical 
devices [184]. 

Extrusion-based printing is further classified into fused deposition 
modelling (FDM), direct ink writing (DIW), and micro-extrusion bio
printing techniques [186]. FDM uses thermoplastic filaments of small 
diameter, which are continuously fed for printing the 3D object in a 
layer-by-layer manner [187]. However, it is quite challenging to fabri
cate CNC-based filaments with small diameters, due to the die swelling, 
which occurs upon the extrusion of viscous liquefied materials from a 
small nozzle [188]. Additionally, the printability or extrudability of 
CNC-based materials is vital for producing high-quality structures [189]. 

On contrary, DIW is preferred over the other 3D printing techniques, 
thanks to its ability to print a wide range of materials for developing 
micro-scaled architectures. This approach involves the deposition of ink 
in a layer-by-layer fashion. It is highly advantageous and conceivable to 
develop intricate programmable 3D-printed architectures through 
sequential steps [190]. However, the major challenge associated with 
the DIW printing is to develop inks with optimum rheological properties. 
This approach is considered highly suitable for direct paste writing of 
cellulose-based suspensions. Thus, cellulose suspensions and rheological 
properties are two crucial factors involved in DIW [191]. The proper 
printing materials or “inks” should have high viscosity and shear thin
ning behaviour for reliable extrusion-based printing. To date, metal and 
polymer-based smart materials are usually employed in extrusion, 
which requires melting at high temperatures and are relatively expen
sive materials. Recently, CNCs are applied as a blending modifier or 
reinforcer to improve the mechanical properties of hydrogel-based inks 
like alginate, hyaluronic acid, and polyvinyl alcohol (PVA). Addition
ally, it can be used as a viscosity modifier for improving the ink viscosity 
[192,193]. 

Tremendous work has been conducted in searching for hydrogel inks 
from naturally available materials. In this regard, the development of 
cellulose-based materials for 3D printing perspective and as natural 
materials is highly promising [194,195]. In this context, CNCs are 
investigated extensively due to characteristics such as renewable, 
biocompatible, and functional reinforcing agents in 3D-printed struc
tures. CNCs also act as rheology modifiers in extrusion-based printing 
processes such as DIW and FDM when it applies shear and extensional 

Table 3 
Additive manufacturing, printable sustainable materials, common stimuli's, their advantages, and disadvantages.  

AM techniques Method Sustainable and other biomaterials Commonly 
employed stimuli 

Advantages Disadvantages Ref. 

Extrusion 

FDM Thermoplastic biopolymers (PLA, PCL 
PLGA, PEG), nanocellulose 

Temperature Less costly and fast printing 
process 

Limited printing 
resolution 

[165–167] 

DIW 
CNC, starch, gelatin, alginate, maize 
protein, KC, hydrogels 

Temperature, 
water, and heat 

Multi-material printing and low 
printing waste 
Room processing temperature 

High printing cost 
Inferior printing 
efficiency 
Poor printing resolution 

[168–170] 

Vat 
polymerization 

DLP 
Metamaterials, elastomers, PEG, PEGDA, 
and PCL 

Temperature and 
heat 

Very fast printing with high 
resolution on both micro and 
nanoscales 

High materials cost [171–173] 

SLA Silk, CNCs, and alginate Temperature 
Complex geometric shapes with 
high resolution of 20 μm 
Good surface finish 

Unstable photopolymers 
over time 
Expensive feedstock 
materials 

[174–176] 

Laser-assisted 
printing SLS 

Ceramics, alloys, thermoplastic 
biopolymers 

Temperature and 
water 

Complex shapes with no support 
are required 
Large-scale scaffolds 

Non-uniform printed 
shape 
Poor surface quality 
Expensive powder and 
laser system 

[177–179] 

Inkjet printing IJP 
Thermoplastic biopolymers (alginate, 
silk fibroin, PEG) nanocellulose, 
hydrogels 

Temperature, pH 
Multiple printing abilities 
Complex shapes 
High throughput and efficiency 

Low resolution for multi- 
material layers 

[180–182]  
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Fig. 5. Schematic depiction of various types of printing; (a) Inkjet printing; (b) Laser-assisted printing; (c) Extrusion printing. 
(Adapted from [185], under the Creative Commons Attribution license). 

Fig. 6. (A1) Schematic illustration of ink formulation, which is used to develop CNC-based composites using TPP printing; (A2) 3D-printed micro-scale structures 
developed by varying CNC contents (adapted from [206], copyright 2022, Wiley-VCH GmbH); (B) CNC/PEGDA-based 3D-printed disk, octet truss lattice structure, 
and an ear model printed by using DLP technique (adapted from [205], copyright 2019, Springer Nature B.V.). 
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stresses to the suspension [196–198]. 

3.2. Vat photopolymerization 

Apart from extrusion-based printing, vat photopolymerization such 
as stereolithography (SLA) and Digital light projection (DLP) are widely 
applied to print CNC-based composites containing photopolymer resins. 
These techniques can design and fabricate bone scaffolds, robots, and 
pharmaceutical devices by using CNC fillers and photoreactive resins as 
the prime constituents [199]. The incorporation of these nanomaterials 
improves the thermal stability and mechanical properties of the printed 
products. SLA and DLP, as vat photopolymerization techniques, use light 
sources such as gamma, X-rays, UV, and electron beams for the poly
merization of liquid resins [200]. 

In SLA, a liquid photopolymer is cured selectively through light- 
activated polymerization. SLA printing is highly suitable for printing 
intricate geometric parts [201]. Additionally, this technique exhibits 
high manufacturing accuracy, small layer thickness, and excellent sur
face quality. The mechanical properties of optically curable resins can be 
improved by incorporating CNC fillers [202]. DLP is a suitable 3D 
printing process, which is capable of developing complex and precise 
micro/nano-scaled structures at a high speed [203]. DLP prints mate
rials from a single exposure of light and offers higher efficiency, 
compared to other AM processes [204]. Some authors have developed 
CNC-based composites by using DLP printing. For instance, Li et al. 
[205] developed intricate structure by incorporating CNCs into pho
tocurable resin, as depicted in Fig. 6(B). The results revealed that the 
mechanical properties of CNC/PEGDA-based composites were signifi
cantly improved due to the addition of CNCs. Furthermore, curing 
thickness also helped in tuning the mechanical and swelling properties 
of DLP-printed composites. It can be further exploited to develop 3D- 
printed complex structures for biomedical applications. 

Two-photon polymerization (TPP) is an attractive micro-scale 3D 
printing process, which permits voxel-by-voxel printing with ultrafine 
resolution. In this approach, polymerization is confined to the laser focal 
spot, which results in the printing of 3D structures inside a film of 
monomer without changing the base material. It is a highly suitable 
technique to develop intricate micro-structures such as micro-needles 
and micro-scaffolds [207]. CNC-based inks can also be applied to 
develop small-scale architectures. For instance, Groetsch et al. [206] 
developed non-cytotoxic CNC-based ink for printing intricate 3D struc
tures using a TPP process, as illustrated in Fig. 6(A1–A2). The results 
revealed that CNC contents improved the stiffness and mechanical 
properties. Thus, this printing approach can be used to improve the 

performance of micro-scale products like micro-scaffolds or to tune 
energy absorption devices. 

3.3. Inkjet printing 

Inkjet printing (IJP) is a non-contact, cost-effective, and fast 3D 
printing process, which uses multiple nozzles for replicating images onto 
the substrate, through the precise ejection of ink by using acoustic or 
thermal forces onto a predetermined path [208], as illustrated in Fig. 5 
(a). Inkjet-based 3D printers exhibit high resolution, speed, and preci
sion, that makes it a suitable platform for developing functional 3D ar
chitectures [209]. Table 4 summarizes different features of AM 
techniques including IJP, which are used to print CNC-based sustainable 
composites. This technique offers high resolution and prints highly 
precise structures [210]. 

3.4. 4D printing 

One of the major drawbacks of 3D printing is the development of 
static structures that lack shape-morphing properties. With an 
increasing focus on the development of multifunctional and sophisti
cated smart structures, which can adapt to changes under external sur
roundings [234]. Scientists have found a novel manufacturing method 
known as the 4D printing, which can overcome the issues associated 
with 3D printing. 4D printing uses time as the 4th dimension and is the 
advanced version of 3D printing for achieving the necessary function
alities of 3D-printed structures such as a change in shape, colour, and 
properties under external stimuli [235]. 4D printing also relies on a 
highly complex and powerful mathematical modelling of the desired 
structure, similar to the 3D printing. A brief comparison between 3D and 
4D Printing technologies is summarized in Fig. 7. 

4D printing uses smart materials, which are programmed to offer 
changes in their properties in a controlled fashion upon an external 
stimulus. Mostly, extrusion and vat photopolymerization-based tech
niques are generally employed for the 4D printing. To date, various 
stimuli responsive materials, such as shape memory gels (SMGs) 
including hydrogels, SMPs, shape memory composites, shape memory 
alloys (SMAs) and liquid crystalline elastomers (LCEs) have been 
intensively used as promising feedstocks of 4D printing [236]. Among 
them, SMPs, SMGs and LCEs have demonstrated remarkable program
mable anisotropy for variety of 4D behaviour such as self-actuating, 
large-amplitude, self-healing, self-sensing, self-diagnostic, shape- 
morphing effects, and long-lifetime anisotropic motions upon stimuli 
[237]. These stimuli responsive materials have capability to capture safe 

Table 4 
Features of different types of 3D/4D printing techniques.   

AM techniques 

Aspects Extrusion Laser Inkjet Ref. 

Resolution (μm) 40–1200 40–100 20–100 [211–213] 
Printing time Medium High Low [214–216] 
Contact Contact Non-contact Non-contact [217] 
Viscosity 

(m⋅Pas) 
30–6 × 107 1–300 3.5–12 [166] 

Dispensing speed 10 μm–50 mm/s 200–1600 mm/s 1–10,000 droplets per second [185] 
Dispensing from Filament Droplets/continuous deposition Droplets [218–220] 
Dispensing 

mechanism Pneumatic or mechanical Laser Thermal and piezoelectric [221–223] 

Gelation 
techniques 

Chemical, photo-cross linking, temperature, shear 
thinning 

Photo-cross linking, chemical Chemical, photo-cross linking [224–226] 

Cost Medium High Low [227–229] 
Popular 

companies/ 
countries 

Germany, Spain, Germany, Japan, UK Israel, USA, Japan 

[230–233] 
Popular 3D 

Printers 

EnvisionTEC and RegenHU, Markforged, Triditive, 
Anisoprint ProM IS 500, Stratasys F900, CreatBot 
PEEK-300, 3DGence Industry F421 

EOS GmbH, DMG Mori, SLM Solutions, Trumpf, 
Aconity3D, Materialise NV (MTLS), Proto Labs 
Inc. (PRLB), 3D Systems Corp. (DDD) 

Zebra Technologies, nano Dimension, 
ChemCubed, Domino printing, Hanita 
Coatings, Epson  
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response in their memory under external stimuli such as temperature, 
light, pH, ultrasound, humidity, magnetic field, or chemical substances 
[238–240]. Some temperature-triggered SMPs such as PU demonstrate 
dual-shape morphing effects [241]. These SMPs have crystallites or 
oriented polymeric chains that trigger their shape-changing behaviour 
associated with a transition temperature and this is happened at the 
molecular level [242–246]. 

Generally, SMPs and SMGs showed noteworthy changes in their 
physical properties, such as stiffness, shape or volume, under stimulant 
environment [248]. While, SMA sensed environmental stimuli, as a 
result their structure showed martensitic phase transformation autono
mously under thermoelastic or stress-induced-based stimulus for 
demonstrating unique “sensing” and “actuation” properties [249]. SMAs 
are being continuously explored in 4D printing technology for their 
promising role in micro-actuators, electromagnetic shielding interface 
devices and self-deployable structures [250]. Table 5 provide compre
hensively overviewed of 4D printing technology with focused towards 
smart materials, potential shape morphing behaviour for wide range of 

applications. 
Shape morphing behaviour and programming in 4D printing is 

demonstrated as shape memory effects (SME) such as one-way SME, 
two-way SME and multiple way SME. In one way SME, the printed 
structure or devices must be reprogrammed after each recovery cycle. 
Two-way SME allows reversible printed structures with two different 
shapes under specific time, and stimuli. Multiway SMEs allow an in
termediate shape between temporary and original shapes under 
controlled cycle of stimulus and programming [251]. 

4D printing can be employed for both single-material and multi- 
material-based smart structures such as uniform distribution, gradient 
distribution, and special patterns by integrating stimuli-responsive ma
terials with their functionalities [252,253]. Thus, 4D-printed multi
materials smart structures regarded as advanced materials for all subject 
domains in chemistry, biomedical, materials, and computer science. 
Moreover, 4D-printed multi-material structures offer more complex pre- 
programmed actuating deformation for wide spectrum of applications 
from macro to centimeter to micro scale range for advanced actuators 

Fig. 7. A brief comparison between 3D and 4D Printing technologies (Figure drawn with the help of [247]).  

Table 5 
Brief overview of 4D printing technology using extrusion, inkjet, and laser-based 3D techniques for various smart materials and their potential applications.  

Smart 
materials 

Sub-types Commonly employed 
stimulus 

4D behaviour Potential applications Ref. 

SMGs 
Alginate, PEGDA, PNIPAM, 
cellulose 

Moisture, solvent, 
temperature Shrinkage, swelling, self-healing Tissue engineering, drug delivery, actuators [254] 

SMPs 
Soybean oil epoxidized 
acrylate, PLA, PVA, and PEG 

Solvent, temperature, light, 
electric and magnetic field 

Bending, twisting, folding, self- 
adaptive 

Soft robotics, optical devices, energy dissipations, 
tissue engineering, anti-counterfeiting, and drug 
delivery 

[255] 

LCEs – 
Temperature, UV light, 
electric and magnetic field Bending, stretching, folding 

Soft robotics, smart structures, optical sensors, 
and smart displays [256] 

SMAs 
Ni-Ti alloy (Ti rich), Ni–Ti 
alloy (Ni rich), Cu-Al-Ni 
alloy 

Temperature, light, electric 
and magnetic field 

Martensitic phase 
transformation, bending, 
twisting, folding 

Micro-actuators, optical devices, self-deployable 
structures, electromagnetic smart devices 

[257,258]  
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applications. 

3.4.1. CNC-based stimuli-responsive materials for 4D printing 
4D printing uses the same 3D printing techniques for the develop

ment of smart and dynamic structures. This technology has potentials in 
achieving high resolution, thus, developing complex parts with high 
accuracies such as fast response grippers, soft actuators, biomimetic, and 
other biomedical devices [259–262]. The utilization of CNC-based sus
tainable materials in the 3D printing sector entirely depends on its 
functionalization techniques, which are usually performed through 
dissolution regeneration avoiding water solubility and later used as 
reinforcement or modifiers in AM [263]. 

Feng et al. [264] prepared CNC/PEGDA-based chiral nematic 
structures with reversible multiple-stimuli-responsive functions for a 
potential colorimetric (humidity) sensor. The plasticization of PEGDA 
and the hydrogen-bonding interactions among CNCs, and the composite 
coatings responded to various environmental signals. Insights of this 
study demonstrated that distinguishable colours were observed when 
coating immersed in ethanol and methanol mixed solvents. Moreover, a 
clear red shift up to 262 nm was seen when the coatings were placed in 
increased relative humidity from 30 to 98 %. According to Tang et al. 
[265], stimuli-responsive properties of CNC/hydrogel systems such as 
self-healing can be regulated and controlled through temperature 
demonstrating a thermally triggered actuator. 

3D-printed CNC-based composites also demonstrate shape-changing 
behaviour under external stimuli, due to alignment during printing and 
the hygroscopic nature of the NPs, which causes predetermined bending, 
twisting, and curling noteworthy characteristics for 4D printing. These 
4D-printed CNC materials are effectively used in the fabrication of 
lightweight and highly intriguing structures, and flexible sensors for 

applications such as wearable electronics [266–268]. One of the most 
traditional and well-investigated stimuli applied to tune the behaviour 
of smart sustainable polymers is heat. Thermo-responsive materials 
contain both hydrophilic and hydrophobic segments, which exist in the 
form of a collapsed globule or an extended chain. A polymer collapse or 
chain extension depends upon upper critical solution temperature or low 
critical solution temperature, respectively. CNCs with distinct properties 
can be combined with thermo-responsive polymers to develop physi
cally adaptable smart structures by using 3D printing techniques 
[269–271]. For instance, Belyaeva et al. [272] employed thermo- 
responsive poly(n-isopropylacrylamide) (PNIPAM)/CNC-based hydro
gel to evaluate the mechanical properties of fibrillar structure developed 
through a DIW printing. The results revealed that the resulting gel 
exhibited stimuli-responsive characteristics and shear-thinning behav
iour. PNIPAM/CNC-based hydrogel changed their behaviour from 
translucent to opaque, during the transition from 25 ◦C to 37 ◦C, as 
illustrated in Fig. 8(A). Additionally, this temperature transition 
increased the storage modulus by 2–3 times. It was also found that the 
transition temperature can be controlled by varying the concentrations 
of CNC and PNIPAM. 

Similarly, Zhou et al. [273] impregnated shape memory poly
urethane (PU) with CNC and investigated the shape fixation ratio and 
the shape recovery rate of PU/CNC-based structure developed through 
an FDM technique, as illustrated in Fig. 8(B). The results revealed that an 
appropriate proportion of CNCs and ball-milled nanocellulose (BMC) 
improved the mechanical strength. Additionally, the authors observed 
that these PU/CNC-based composites exhibited 99.2 % shape fixity and 
98.9 % shape recovery rate. Furthermore, these 3D-printed composites 
also presented tunable glass transition temperature (Tg), which is close 
to human body temperature. Thus, allowing them to be used in smart 

Fig. 8. (A) CNC/PNIPAM-based hydrogel extruded letter, which changed its behaviour from translucent (25 ◦C) to opaque (37 ◦C) (adapted with permission from 
[272], copyright 2022, Elsevier Inc.); (B) Digital images of the shape recovery behaviour (B1) Bending of the sample at 60s, (B2) Petal shape under heating and 
cooling (adapted with permission from [273], copyright 2022, Elsevier B.V.); (C1–C3) Microscopic ultra-depth-of-field and water contact angle photos of different 
fabircs; (C1) Original finished; (C2) Scratched finished; (C3) Self-healed finished (adapted with permission from [274], copyright 2023, Wiley Periodicals LLC.); (D) 
CNC/LCE-based photo-responsive actuator developed through the DIW (adapted with permission from [275], copyright 2022, American Chemical Society). 
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biomedical devices. 
Light is a non-contact stimulus, which permits remote actuation with 

precise temporal and spatial control. Photo-responsive CNC-based 
nanocomposites exhibit shape-changing features such as reversible 
bending and dynamic softening, when exposed to light stimulus. The 
introduction of CNC into polymer matrices is used to print soft robots, 
self-standing structures, and other biomedical devices [276,277]. For 
instance, Müller et al. [275] introduced CNC-based sustainable fillers 
into a liquid crystalline elastomer (LCE) to develop photo-responsive 3D 
architecture through DIW printing, as illustrated in Fig. 8(D). The results 
revealed that the excellent covalent bonding between NPs and matrix 
promoted rapid shape recovery after actuation. Additionally, this 3D- 
printed structure with tailored and dynamic stiffness presented an 
excellent potential for developing different actuating and customized 
medical devices. In another work, Zhou et al. [274] studied photo- 
responsive CNC/fluorinated polyacrylate containing coumarin. 
Therein, scanning electron microscope (SEM) and elemental dispersive 
X-ray analysis (EDX) results showed that the photo-responsive CNC had 
excellent self-healing characteristics when the prepared emulsion was 
uniformly coated on the fabric surface, as depicted in Fig. 8(C). 
Furthermore, the finished fabric had good oleophobicity, hydropho
bicity, and surface repair performance. 

Polymers with H-bonding interactions generally possess hygroscopic 
nature. CNCs contain hydrophilic hydroxyl group, however, they are not 
sensitive to moisture, due to their strong hydrogen bonding and high 
crystallinity. Therefore, CNCs are promising candidates for developing 
moisture-driven architectures [278]. Moisture-responsive CNC-based 
composites can be developed moisture-driven architectures by 
combining CNCs with other moisture-sensitive materials like PVA, PEG, 
etc. These materials are highly suitable for fabricating sustainable smart 
structures, which can be reprogrammed to reshape and perform tasks by 
adapting their morphologies for the specific application [279]. For 
instance, Cecchini et al. [280] employed 4D printing technology to 
develop environmentally-driven humidity responsive bioinspired soft 
robot for the realization of an artificial seed, as presented in Fig. 9(A). 
The authors fabricated a bilayer hygroscopic structure, in which a PCL- 
based passive layer was developed through FDM printing, and the 
electrospun polyethylene oxide (PEO)/CNC-based active fiber layer was 
deposited on the top of the substrate. The results revealed that 4D- 
printed hygroscopic robot is highly suitable for environmental soil 
exploration, thanks to their comparable biomechanical performances 
and geometrical dimensions of natural and artificial seeds. 

In another study, Gevorkian et al. [281] developed a single-layer 
nanocolloidal hydrogel actuator by using extrusion-based printing, 
which exhibited shape transformation under water stimulus, due to 
structural anisotropy. Fig. 9(B) depicts the swelling-induced shape 
morphing behaviour of CNC/gelatin methacryloyl (GelMA)-based 
hydrogel and different 3D shapes can be yielded by changing the CNC 
orientation. 

Thanks to the presence of a large number of hydroxyl groups on 
nanocellulose surface, functional fillers can easily be incorporated onto 
the surface, thus, endowing it with electro- or magneto-responsive 
properties [284]. The introduction of these functional fillers such as 
carbon nanotubes (electro-active particles) and magnetic nanoparticles 
can help in producing controllable CNC-based smart structures for 
different engineering applications [285]. Electro-active CNC-based 
materials can be applied as energy conversion devices for sensors, ro
bots, artificial muscles, and controlled drug release devices. For 
instance, Bi et al. [283] developed electric-driven carboxylic multiwall 
carbon nanotubes (CMWCNTs)/CNC-based conductive device through 
an FDM technique (as illustrated in Fig. 9(D)), which exhibited excellent 
shape-memory and self-healing ability. 

Multi-responsive materials consist of multiple integrated responsive 
functional groups, which permit the simultaneous response to different 
two or more stimuli. These materials have a wider scope of applications, 
compared with single-responsive materials. Multi-responsive CNC-based 

4D-printed products can be developed by designing multilayer func
tional architectures. Consequently, multiple single response functions 
are concentrated in one actuator, focusing on diverse external stimuli 
[286]. Various researchers explored the mechanical performance of 4D- 
printed composites by reinforcing the polymers with CNCs. For instance, 
Qu et al. [282] explored a multi-responsive, flexible, bilayer acrylamide- 
acrylic acid (AAm-AAc)/CNC-based hydrogel network through 4D 
printing. The different layers were combined through reversible coor
dination of Fe3+ to Fe2+ which was also responsible for shape morphing 
behaviour through stretching and unstretching of layers, as presented in 
Fig. 9(C). The 4D construct was immersed in sodium lactate and exposed 
to ultraviolet (UV) light, until maximum deformation was achieved. This 
4D-printed structure exhibited good biocompatibility and excellent 
mechanical properties. Additionally, the results showed that a 4D- 
printed bilayer hydrogel stent demonstrated excellent curvature and 
flexibility, which is highly suitable to treat enteroatmospheric fistulas 
(EAFs) in the intestine. 

Table 6 incorporates the development of different CNC-based smart 
structures such as wearable electronics, tissue engineering, soft robots, 
metamaterials, and self-adaptable structures, etc. through 4D printing 
techniques. 

4. Applications of 3D/4D printed CNC-based smart materials 

The combination of CNCs and other biopolymers like gelatin, chi
tosan, and alginate have been extensively investigated for formulating 
composites and hydrogels for 3D printing, thus, expanding the use of 
CNCs in different applications, as illustrated in Fig. 10. Table 7 sum
marizes the different applications of CNC-based sustainable structures 
fabricated by using AM techniques. Additionally, CNCs have also been 
applied to develop smart hydrogels and composites, which demonstrate 
their change in shape, functions, and colours, thus, meeting ideal 4D 
printing materials requirements [293]. Nowadays, 4D printing of CNCs 
has also demonstrated its applications such as wearable and flexible 
electronics and ionotropic devices. 4D printing has the potential to use 
in various optical applications for its ability to form lyotropic liquid 
crystals and has good mechanical properties and interference colour 
changes under external stimuli [294–297]. This section incorporates the 
applications of additively manufactured CNC-based materials. 

4.1. Biomedical 

With the booming development of stimuli-responsive materials for 
4D printing technology an unprecedented prospect have been seen in 
biomedical field. These 4D-printed smart structures have multi-layered, 
unique texture, and complex microstructures for novel applications such 
as in precision medicine [327]. Recently, the 3D/4D printing technol
ogies for the fabrication of CNC-based biomaterials with 3D-shaped 
architectures have drawn great attention in wound healing, tissue 
regeneration, and regenerative medicine, especially biomineralization 
agents and mechanical reinforcement, thanks to their biodegradability, 
non-toxicity, biocompatibility, as well as excellent ion deposition, 
printability, self-assembly behaviour, distinct geometry, and ability to 
develop the bone scaffolds interface [328–330]. Valiant efforts have 
been made by researchers to develop CNC-based scaffolds through 3D 
printing [158]. Moreover, 3D-printed CNC structures has huge prospect 
in various biomedical formulations including bioimplants, regenerative 
tissues, self-folding tubes, patches, and cell-laden or cell-absent struc
tures. For instance, Bakht et al. [331] proposed a facile strategy for high- 
resolution cell-laden construction within an extracellular matrix 
mimetic fibrillar support using CNC-based natural material through 3D 
bioprinting. Insights of this study revealed that a highly transparent 
biomimetic nano-scaled fibrillar matrix was achieved through CNC fluid 
gel which further showed exceptionally arbitrary geometries and self- 
assembly with biocompatible calcium ions. Thus, the proposed meth
odology is considered an efficient platform for automated biofabrication 
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Fig. 9. (A1) Reversible behaviour of bilayer structures under different humidities; (A2) Self-lifting performance of artificial seed-like robot under humidity stimulus 
(adapted from [280], under the Creative Commons Attribution license); (B) Relationship between swelling induced CNC/GelMA-based hydrogel shape and orien
tation of CNC w.r.t the long sheet axis (adapted with permission from [281], copyright 2021, Wiley-VCH GmbH); (C) Shape-morphing behaviour of bilayer hydrogel 
strips, (ii–iv) Images of hydrogel strips illustrating curled structures with various bending degrees programmed by different pre-stretched lengths of the first layer, (b) 
Images of cross-shaped hydrogels exhibiting curled structures with different bending degrees, (c) Images of hydrogel grabbing a bead in its cross-shaped bilayer 
(adapted from [282], under the Creative Commons Attribution license); (D) Shape-memory assisted self-healing nature of conductive device; (a) Image showing 
stressed bending part of the device; (b) Relationship between concentrations of CNTs and change in resistance; (c–k) Lightening and electric healing process of the 
conductive device (adapted with permission from [283],copyright 2021, Elsevier B.V.). 
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such as liver tissues and organ models. 
Sultan et al. [308] developed CNC/gelatin/sodium alginate (SA)- 

based biomedical hydrogel scaffolds through a DIW printing, as illus
trated in Fig. 11(A). The results indicated that the nano-scaled pore wall 
thickness and the orientation of 3D-printed hydrogel nanostructured 
scaffolds exhibited excellent cell growth, interaction, and proliferation 
during tissue regeneration. 

4D printing using CNC-based sustainable materials under human- 
related stimuli such as pH, and body temperature further improves the 
cost-effectiveness, sustainability, excellent match with human tissues, 
on-demand, and rapid fabrication as well as versatility for dynamic 
structures [332–334], thus, opening a new paradigm for novel 
biomedical applications. For instance, Cui et al. [291] introduced CNCs 
into polyethylene glycol-aliphatic polyester block copolymers to 
develop thermo-sensitive 3D hydrogel constructs through an extrusion- 
based printing for bioprinting applications, as illustrated in Fig. 11(B). 
These CNC-enhanced copolymers developed hydrogel exhibited 

Table 6 
CNC-based smart structures fabricated by combining AM techniques and external stimuli for different applications.  

AM technique Smart biomaterials Stimuli 4D behaviour Applications Ref. 

FDM/electrospinning PCL/PEO/CNC Humidity Swelling Bioinspired soft robot [280] 
Extrusion AAm-AAc/CNC Light and solution Stretching and bending Clinical applications [282] 
FDM PLA/CNC Water Swelling Bone scaffolds [287] 
Extrusion CNC/polyester Heat Bending Bioinspired structures [288] 
DIW CNC Light Stretching and bending Dynamic dampers and energy absorbers [277] 
Extrusion CNC/PU/BMC Temperature Bending Smart devices [273] 
DIW CNC/PNIPAM Temperature Functional property change Biomedical applications [272] 
DIW CNC/AA Temperature Self-healing Wearable sensors [289] 
DIW CNC/LCE Light Bending and folding Smart sensors and actuators [275] 
DIW CNC/GelMA Water Swelling and contraction Smart actuators [281] 
FDM CNC/PLA Temperature Folding Wearable electronics [290] 
DIW CNC/PUA Light Shrinking Energy absorbing structures [276] 
Extrusion CNC/PCLA-PEG-PCLA Temperature Bending Biomedical scaffolds [291] 
DIW CNC/PNIPAM Humidity Bending and twisting Self-supporting intricate architectures [292] 
FDM CNC/TPU/PCL Electric Bending Biomimetic skin and conductive devices [283]  

Fig. 10. Applications of CNC-based structures fabricated by using 3D/ 
4D printing. 

Table 7 
A summary of different CNC-based sustainable composites developed through 
3D printing for various applications.  

AM technique Smart 
biomaterials 

Applications Ref. 

Extrusion PSA/CNC Optical/photonic technologies [298] 
DIW CNC/AAm Chiral structures [299] 
FDM PCL/CNC/PU Surface protection coatings [300] 
DIW CNC Sustainable smart structures [301] 

DIW 
CNC/silver 
nanowires Wearable ion sensors [302] 

SLA CNC/PEGDA Soft tissue engineering [303] 
DIW CNC/XG Liver tissue engineering [304] 

Extrusion Gelatin/alginate/ 
CNC 

Bone grafting [305] 

FDM CNC/PHBH Personalized medical device [306] 
IJP CNC Origami tube structures [307] 

DIW 
CNC/apple/ 
pureed Self-supporting edible structures [93] 

DIW CNC/gelatin/SA Tissue regeneration [308] 

DIW CNC Smart textiles, photonics, and 
high-performance architectures 

[309] 

SLA CNC/MA Tissue engineering [310] 
SLA CNC-g-MA Biological tissue engineering [311] 
SLA CNC/MAA Energy storage devices [312] 

Extrusion 
CNC coating onto 
PEGDA 

Tissue engineering and 
regenerative medicine 

[313] 

Extrusion CNC/KC/MC Cell proliferation, tissue 
regeneration and wound dressing 

[314] 

DIW CNC/MP Medical tissue engineering [315] 
DIW CNC/PI Thermal insulation [316] 
FDM CNC/PLA Dental applications [316] 
DLP CNC/PEGDA Biomedical applications [205] 

DLP CNC/CMC 
Pharmaceutics and tissue 
engineering 

[203] 

DIW CNC/Py-PNGs Healthcare sensors [317] 

DIW CNC/alginate/ 
gelatin 

Tissue engineering [158] 

DIW 
TOCN/alginate/ 
dECM Cartilage tissue engineering [318] 

DIW Gelatin/DAC Tissue repairing [319] 
Extrusion TA/CNC Wearable sensors [320] 
Extrusion PLA/PHB/CNC Different engineering applications [321] 
DIW PAM/CNC/GNRs Optical devices [322] 
SLA CNCMA/pHEMA Self-expandable stent [323] 

DIW 
CNC/silicone/ 
carbon black 

Personalized insole design with 
embedded piezoresistive sensors [324] 

Droplet-based 
printing 

Alginate/CNC/ 
CaCl2 

Personalized oral protein delivery [325] 

TPP CNC Tissue scaffolds [206] 

IJP CNC/NPES/ 
organosilane 

Anti-counterfeiting applications [326]  
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excellent mechanical properties, which maintained its shape with high 
precision and resolution. Additionally, the incorporation of CNCs 
significantly improved the printability of hydrogel-based scaffolds. 

In another novel work, Baniasadi et al. [304] used xanthan gum 
(XG)/CNC bioinks for developing different 3D geometries of soft tissue 
scaffolds by using the DIW technique. The addition of CNC fillers 
significantly improved the overall printability of bioinks. Furthermore, 
the printed samples showed fair resolution and high fidelity without any 
deformation after printing, as presented in Fig. 11(C). Additionally, 
these CNC-based composite scaffolds demonstrated excellent swelling of 
approximately 11 g/g, which helped in oxygen and nutrient 
transportation. 

Due to biodegradability, biocompatibility, renewability, and non- 
toxic properties, CNC-based biomaterials are excellent candidates for 
drug delivery applications in which 3D-printed structures have been 
applied for pharmaceutics. For instance, Yoon et al. [325] used CNCs 
and calcium chloride as support nanomaterials for enhancing the 
rheological properties and printability. They fabricated alginate-based 
multi-layered spheres (MLS) by using droplet-based 3D printing, as 
illustrated in Fig. 11(D). The results revealed that these bovine serum 
albumin-loaded spheres exhibited sustained and controlled release in 
the intestine. Thus, this platform can be used for personalized oral de
livery with tailorable release patterns. 

CNC-based auxetic structures show lateral expansion during elon
gation upon insertion and can be used for fabricating biodegradable 
biomedical devices. For instance, Pruksawan et al. [323] used CNC as a 
multifunctional macro-crosslinking agent to produce stretchable and 
tough hydrogel for developing oesophageal self-expandable stent, as 

depicted in Fig. 12(A). The results revealed that methacrylated cellulose 
nanocrystals (CNCMA)/poly(2-hydroxyethyl methacrylate) (pHEMA)- 
based soft auxetic structure printed through the SLA technique exhibited 
excellent stretchability and toughness. 

CNC-based biomaterials have also shown tremendous perspectives in 
developing smart medical sensors, due to their ability to exhibit high 
piezoelectric responses [335]. For instance, Maity et al. [317] developed 
pyro- and piezoelectric nanogenerators (Py-PNGs)/CNC-based cardio
respiratory monitoring sensors for personal healthcare, as illustrated in 
Fig. 12(B). DIW-printed architecture exhibited excellent durability and 
sensitivity. Therefore, real-time cardiorespiratory monitoring through 
smart sensors offers fascinating and notable information in biomedical 
diagnosis, and the world is stepping towards the development of novel 
biomedical devices and human-machine interfaces. This distinct 
approach can be used to print structures from renewable energy sources 
for electric energy generation and temperature sensor applications. In 
another study, Binelli et al. [324] proposed a 3D printing platform for 
developing silicone/CNC/carbon black-based soft wearables with inte
grated piezoresistive sensors, as illustrated in Fig. 12(C). The results 
revealed that the placement of sensors into personalized insole shoe 
helped in monitoring the shear and normal pressure of human gait. 

4.2. Soft robotics 

Nowadays, soft robotics is growing manifold, where the robots are 
fundamentally soft and elastically deformable [336]. The construction 
of soft robots comprises a motor-less robot driven from smart materials 
typically responsive polymers which can change their shapes under a 

Fig. 11. (A) Schematic representation of nozzle movements applied for developing 3D-printed hydrogels. CNC/gelatin/SA-based scaffolds with different pore sizes 
(adapted from [308], under the Creative Commons Attribution license); (B) Optical and microscopic images of 3D-printed PCLA-PEG-PCLA/CNC-based bioscaffolds 
(adapted from [291], under Creative Commons Attribution license); (C) Schematic diagram depicting steps involved to develop 3D-printed scaffold and its 
morphology (adapted from [304],under the Creative Commons CC-BY license); (D1) Alginate/CNC/CaCl2-based MLS fabricated by using 3D printing, (D2) 
Morphological changes of MLS in simulated gastrointestinal fluid (adapted from [325],copyright 2021 Elsevier Ltd.). 
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stimulus. Soft robotics pave the foundations for various novel applica
tions such as actuators, soft grippers, and many biomedical devices 
[337–339]. CNC-based stimuli-responsive materials have been exten
sively applied to develop smart and complex grippers, actuators, and 
robots for different engineering applications [275]. For instance, Four
mann et al. [292] printed self-supporting complex structures of 
PNIPAM/CNC-based hydrogels by using a DIW technique. The angles 
and textures of complex architectures, as well as programmable self- 
shape actuation of hydrogel ink were possible, due to the alignment of 
CNC-based ink. Furthermore, hydrogel structures demonstrated shape- 
morphing behaviour such as bending or twisting upon a hydration 

stimulus, as presented in Fig. 13(A). Such complex 3D structures with 
programmable actuation and anisotropic swelling properties can also be 
used in wound healing applications. 

In another study, Müller et al. [277] developed intricate structures 
using a polyurethane acrylate (PUA) matrix with up to 15 wt% CNC 
reinforcement through a DIW printing. Azobenzene photochromes were 
grafted onto the CNC surfaces for developing photo-induced responses 
and printed materials presented a shape memory behaviour when it 
reacted to visible-light irradiation with 30–50 % reversible softening, as 
presented in Fig. 13(B). Additionally, the dynamic mechanical responses 
of 3D complex structures under environmental stimuli were due to 

Fig. 12. (A) CNCMA/pHEMA-based honeycomb self-expandable stent developed through SLA for obstruction of oesophagus (adapted with permission from [323], 
copyright 2022 Wiley-VCH GmbH); (B) Schematic representation of the 3D-printed CNC/Py-PNGs developed through DIW for healthcare systems (adapted with 
permission from [317], copyright 2023, American Chemical Society); (C1) Schematic illustration of CNC/silicone-based ink for DIW printing; (C2) Grid-type ar
chitecture with varying infill densities; (C3) 3D reconstruction of printed silver connector on a substrate; (C4) 3D-printed personalized insole with integrated sensors 
and their response for different physical activities (adapted from [324], under the Creative Commons license). 
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phototunable energy absorption. Thus, the printed structures with CNC 
reinforcement are promising for those areas in which dynamic responses 
to environmental changes are required. 

4.3. Wearable electronics 

Wearable electronics are considered built-in sensors, which are 
widely used for tracking the positions as well as movements of various 
body parts [340]. Recently, versatile smart wearable electronics such as 
a smartwatch, chips on body parts for joint movements, glucose level 
tracking, and blood pressure monitoring have been employed [341]. 
However, their effectiveness through traditional techniques is quite 
limited and now, wearable electronics are developed by using 3D 
printing of sustainable biomaterials especially CNCs, which allows bet
ter control over the exciting characteristics such as super flexibility, high 
stretchability, ultra-thinness, and lightweight feature for healthcare 
systems [342]. For instance, Bi et al. [283] printed TPU/PCL-based 
composites by using modified CNC as a crosslinking agent. The results 
revealed that these composites exhibited excellent printability and 
flexibility. Furthermore, CNC-based 3D-printed composites possessed 
excellent lap shear strength (12 MPa), high thermal stability, efficient 
self-healing ability, and good shape memory behaviour. Fig. 13(D) in
corporates different 3D-printed models developed by using TPU/PCL/ 
CNC-based composites. These composites are excellent candidates for 
developing wearable electronics, thanks to their excellent self-healing, 

shape-memory, and rheological properties. 
4D printing technology has further groomed and revolutionized the 

wearable electronics sectors due to its multifarious peculiarities 
including excellent shape-deformation behaviour under body stimuli 
such as pH, humidity, and temperature, which accurately predict the 
body response [343–345]. For instance, Agbakoba et al. [290] devel
oped 3D-printed CNC/PLA-based foldable cube and grid fabrics with 
excellent shape memory behaviour, as illustrated in Fig. 13(C). Addi
tionally, the results revealed that specimens exhibited excellent tensile 
strength, modulus, and elongation at break. Such a heat-triggered SMP 
fabric can be used for wearable electronics. 

4.4. Anti-counterfeiting 

Novel applications of CNC-based stimuli-responsive materials in 
anti-counterfeiting are due to their response under pH, light, heat, and 
electrical stimuli, which is also promising for other ground-breaking 
applications [346–348]. For instance, Cheng et al. [349] printed flex
ible photonic hydrogel chromatic patterns by using CNC-based inks. The 
various developed patterns such as QR codes, hydrogel colour cards, and 
Tai-chi models were visible under polarized light, as presented in Fig. 14 
(A). Additionally, the brightness of hydrogels can be controlled by 
varying the number of layers and the printing angle. This 3D-printed 
photonic hydrogels with chromatic patterns visible in polarized light 
has potential use in information hiding, security making, and anti- 

Fig. 13. (A1) CNC/CNF/PNIPAM hydrogels-based 3D bilayer structure with swelling and anisotropic actuation behaviours, (A2) Two bilayer strips of nanocellulose- 
PNIPAM hydrogels (20 wt% CNC) produced by 3D printing leading to synthetic structures that twist (adapted from [292], under Creative Commons license); (B) 
Shape memory effect of printed butterfly w.r.t time under illumination stimulus (adapted with permission from [277], under the Creative Commons CC-BY license); 
(C) CNC/PLA-based thermo-responsive folded shape memory object for wearable electronics (adapted from [290], under Creative Commons Attribution license); (D) 
(b) 3D-printed pentagram polygon model under loading; 3D-printed of (c) emblem model; (d) Four-node ball; (e) Chess piece; (f) Cartoon character (adapted with 
permission from [283], copyright 2021, Elsevier B.V.). 
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counterfeiting applications. Additionally, surface functionalization of 
CNCs with luminescent inks such as quantum dots, fluorophores, or 
carbon NPs offers tremendous potential in sensing, bio-imaging, nano
particle tracking, and anti-counterfeiting applications [350]. 

In another study, Li et al. [326] successfully printed optical anti- 
counterfeiting patterns by using surface functionalized CNC/organo
silane/polyoxyethylene ether (NPES) ink, which was developed by 

sequential modification of CNC with NPES and organosilane. The results 
revealed that the ink showed good flowability under shearing force and 
transformed into a gel-like phase. Additionally, the optical properties 
and texture of 3D-printed patterns were controlled by tailoring the 
printing parameters. Moreover, these patterns were transparent under 
light, but, exhibited vivid interference colour, as illustrated in Fig. 14 
(B). Thus, depicting anti-counterfeiting characteristics between crossed 

Fig. 14. (A) Photonic hydrogels under polarized light with (a–c) Tai-chi pattern and (d–f) QR code (adapted with permission from [349], copyright 2022, Elsevier B. 
V.); (B) (a–j) Anti-counterfeiting patterns printed by using through different printing parameters. WHU patterns under natural light in (a) and polarized light in (b-d) 
(adapted with permission from [326], copyright 2021, Royal society of chemistry); (C) Steps involved for transforming raw food into CNC-based self-supporting 
edible structures developed through 3D printing (adapted with permission from [93], copyright 2022, Elsevier Ltd.); (D) CNC-reinforced photo-responsive archi
tectures, which can be used for energy absorption applications (adapted with permission from [276], copyright 2020 WILEY-VCH); (E) (a) 3D-printed and crosslinked 
NFC/alginate/CaCO3 flat and twisted sheets at various angles using gluconolactone (Gdl), crosslinked induced with CaCl2; (b) 3D-printed and Gdl-crosslinked tube 
stability test; (c) 3D-printed and Gdl-crosslinked tube compressed with the tweezer and released over a period of 60 times; (d) CaCO3 NPs/Gdl-crosslinked models 
(adapted from [351], under the Creative Commons CC BY license). 
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polarizers. 

4.5. Miscellaneous applications 

Besides, wearable electronics, soft robotics, anti-counterfeiting, and 
biomedical applications, various stand-alone studies have used CNCs 
through 3D/4D printing technology for producing a wide range of edible 
food coatings, apparel architectures, and self-supporting and complex 
structures, thanks to their biocompatibility, non-toxicity, and biode
gradability [352–354]. In recent years, AM technology has been exten
sively applied in the food industry to develop edible food printing by 
using extrusion-based printing techniques especially, DIW. Edible 3D 
printing has the potential to offer appealing meals with personalized 
nutrition profiles [355]. CNC can be used to incorporate shear thinning 
properties and viscosity of printable inks [356]. For instance, Armstrong 
et al. [93] employed CNCs as a renewable and safe rheological modifier, 
which was capable of enabling DIW printing of different foodstuffs 
including puree, tomato puree, spinach, and applesauce, and finally, 
freeze-dried to obtain the self-supporting edible structure, as illustrated 
in Fig. 14(C). The results from this research revealed that CNC-laden 
inks offered the capability to develop multi-material structures with 
integrated packaging. Additionally, CNCs were excellent rheological 
modifiers, which promoted shear thinning behaviour in the edible 
feedstocks. 

CNC-based biomaterials can also be used to develop load-absorbing 
personalized devices and self-adapting structures [357]. For instance, 
Müller et al. [276] developed a CNC-reinforced (30 wt%) photo- 
responsive intricate energy absorption device by using multi-material 
printing, as illustrated in Fig. 14(D). The results revealed the spatially 
controlled illumination permitted tunable compression, Young's 
modulus, stiffness, and other mechanical properties of 3D-printed 
structures. In another study, Lackner et al. [351] printed various 
nano/micro-scaled 3D structures with internal radial chiral. Reconfi
guration of the chiral arrangements was done in the CNC-based sus
pensions through exploited shear forces in the extrusion-based 3D 
printing. Furthermore, the resolution of the 3D printing technique was 
excellent in terms of the voxel size and from tunable nano/micro scale 
(in dry/wet structure) in chiral molecules. Reactive monomers were 
incorporated into the chiral inks to produce a polymer network and 
arrest the chiral structures. Different 3D-printed architected materials 
with structural orders spanning multiple length scales, as presented in 
Fig. 14(E). 

In summary, 3D printing helps to fabricate 3D structures by using 
CNC-based sustainable materials for numerous applications not limited 
to tissue engineering, wound healing, bio-sensors, actuators, edible 
foods, and optical devices. Additionally, the combination of CNC-based 
stimuli-responsive materials and 3D/4D printing has further helped to 
develop intricate and tunable structures with complex responses suit
able for biomedical, actuating, and sensing applications. 

5. Summary and future perspectives 

Sustainability considered as use of renewable raw resources in place 
of petroleum-based components [358]. 3D/4D printing used minimal 
material consumption for preserving sustainable environment [359]. 
Thus, potential renewable feedstock of 3D printing, plant fibers typically 
contain lignin, hemicellulose, and cellulose, waxes, pectin, and water- 
soluble organic compounds (up to 20 %). AM of CNC-based renewable 
and green materials is an important research arena with enormous po
tentials. The rise of 3D printing and CNC-based materials team up and 
permits harnessing the green electronics, smart sensors, biodegradable 
medical scaffolds, drug delivery systems, edible coatings, and optical 
devices [360,361]. This review focuses on the importance of developing 
complex structures by using CNC-based sustainable and stimuli- 
responsive materials. Moreover, CNC-based materials have extreme 
sensitivity to particular stimuli, their self-healing and self-repairing 

capabilities thriving them as a futuristic and sustainable 4D printing 
technology [362]. 

Additionally, these toxic-free materials offer biocompatibility, 
biodegradability, and shape-morphing characteristics. The major future 
direction is the development of resource-efficient and eco-friendly sus
tainable structures for myriad applications by using modern 
manufacturing methods. Fig. 15 depicts the futuristic view of additively 
manufactured CNC-based green materials. However, there is a need to 
address some challenges that are hindering the progress of additively 
manufactured CNC-based structures. 

The use of CNCs for developing inks for 3D/4D printing is limited, 
due to their solubility in toxic mixtures of solvent. Such solvent traces 
can be removed by using advanced purification techniques or by syn
thesizing CNCs with controlled shapes and dimensions. 3D printing of 
CNC-based stimuli-responsive materials opens up unlimited prospects to 
develop functional materials and devices, which exhibit intricate shapes 
such as soft robotics and biomimetic devices [363]. Despite their ability 
to fit in traumatized tissues, due to their shape-morphing nature, addi
tively manufactured CNC-based structures still lack sufficient control 
over programmed shapes and precise responses, which limits the 
development of micro-scaled smart grippers and actuators. 

The alignment of anisotropic NPs during the deposition of ink 
directly influences the mechanical properties and microstructure of 
extrusion-based architectures [364]. Although, the CNC orientation in 
diluted suspensions has been well understood through numerical and 
analytical models. However, there is a need to fully explore the dy
namics of CNC orientation in the bioinks developed for DIW printing. 
Additionally, the development of 3D structures with CNC-based inks is 
in the nascent stage, and CNCs have been mostly used to print macro
scale products like tissue scaffolds and bio-mimetic shape morphing 
systems [365]. However, there is a need to develop CNC-based inks for 
micro-printing, as it is more challenging to fabricate micro-scaled 
structures by using nanocellulosic materials. It will allow the research 
to explore new functional materials and tunable properties. 

The development of CNC-based materials has made inspiring designs 
for 3D/4D printing. To provide novel and sophisticated structure de
signs, particularly for CNC-based smart responsive materials, various 
computation tools as well as machine learning algorithms can also be 
employed for solving a variety of real-world engineering and industrial 
problems mainly in the micro and nanoscale realms [366]. 

This is worth mentioning that synergism of CNC in various bio
polymers such as PLA, PVA, PBAT, polyvinyl acetate etc. is regarded as 
an industrial application of CNC through simplistic 3D printing process 
[367]. Thus, biopolymer/CNC materials through 3D printing will 
compete for high-performance requirements of strength with high 
dimensional accuracy in the hunt for a sustainable environment [368]. 
Nowadays, various emerging 2D materials have enormous prospects in 
3D printing. In this regard, the synergistic effect of CNC with 2D ma
terials can further improve its binding properties for the achieving of 
well-dispersed colloidal suspensions. For instance, CNC can be attached 
to CNTs and dispersed in an aqueous solution eliminating agglomera
tions and highly liquid crystalline alignment CNC/CNTs bonding within 
a polymer network for achieving the remarkable mechanical properties 
of CNC-based 3D-printed structures [186]. 

CNC-based hydrogel ink can be used as a potential material for 
uniform printing. Various hydrogels such as GelMA, PNIPAM, SA, and 
PEGDA are potentially being applied for CNC to improve its shear thing 
behaviour, self-healing properties, and various mechanical and physical 
properties [369]. This is crucial for printing various smart structures 
including gradient porous scaffolds and many smart actuators [281]. 
Moreover, numerous surface treatments such as dopamine coating 
improved the binding capability of other bioactive materials such as the 
growth factor of isolated stem cells and the hydrophilicity of 3D-printed 
CNC scaffolds for opening new avenues in tissue engineering applica
tions [370]. The surface-modified CNCs acted as macro-cross-linkers, 
which improves the structural integrity and mechanical stability of 
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3D-printed CNC/hydrogel structures with tannable self-healing prop
erties. Also, functionalization techniques such as benzophenone moi
eties, azobenzene or grafting coumarin on the CNC particle's surface, 
improved its localized photostiffening. This unique function promotes 
cinnamate moieties on the CNC surface for successfully used in 3D 
printing of CNC-based nanocomposites [371]. 

Tunable colour metasurfaces that show changes in their optical 
properties under an external stimulus are also considered promising 
potential areas [372]. CNC-based photonic structures manufactured 
through 3D printing for anti-counterfeiting applications is at the infant 
stage. There is a need to develop CNC films with the ability to conceal 
information under light by enhancing stokes scattering. It has been 
demonstrated that by removing the solvent from a suspension of the 
crystals, CNCs can form a chiral nematic nanostructure and the devel
oped solid film can maintain the chiral nematic structure and demon
strate excellent structural colour [373]. However, it is found that these 
materials cannot be reversibly dispersed in most solvents after forming 
solid films, due to their strong hydrogen bonding, which leads to un
satisfactory recyclability and processability. 

Finally, CNC-based stimuli-responsive biomaterials combine the 
advantages of both external stimuli and CNCs to develop 3D smart 
structures for biomedical, soft robotics, electronics, edible food printing, 
and anti-counterfeiting applications. However, there are some limita
tions associated with 3D printing of CNC-based biomaterials including 
insufficient response accuracy and long response time. To date, CNC- 
based stimuli-responsive materials are limited to laboratory 

experiments. There is a need to promote practical applications by 
overcoming the limitations associated with these materials. CNC-based 
stimuli-responsive biomaterials are anticipated to make significant 
progress in practical applications, in the coming years. 
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Biodegradation of PLA/CNC composite modified with non-ionic surfactants, 
Polym. Bull. (2022), https://doi.org/10.1007/s00289-022-04618-z. 

[151] J. Yan, et al., Nanostructured superior oil-adsorbent nanofiber composites using 
one-step electrospinning of polyvinylidene fluoride/nanocellulose, Compos. Sci. 
Technol. 224 (2022), 109490, https://doi.org/10.1016/j. 
compscitech.2022.109490. 

[152] W. Long, et al., State-of-art review on preparation, surface functionalization and 
biomedical applications of cellulose nanocrystals-based materials, Int. J. Biol. 
Macromol. 186 (2021) 591–615, https://doi.org/10.1016/j. 
ijbiomac.2021.07.066. 

[153] J. Zhang, Q. Wu, X. Zhang, J. Gwon, R. Zhang, I. Negulescu, Mechanical and 
water resistance performance of physically cross-linked poly(vinyl alcohol) 
composite with poly(dopamine) modified cellulose nanocrystals, Mater. Today 
Commun. 33 (2022), 104413, https://doi.org/10.1016/j.mtcomm.2022.104413. 

[154] K. Heise, et al., Nanocellulose: recent fundamental advances and emerging 
biological and biomimicking applications, Adv. Mater. 33 (3) (Jan. 2021) 
2004349, https://doi.org/10.1002/adma.202004349. 

[155] P. He, et al., Nanocellulose-based hydrogels as versatile drug delivery vehicles: a 
review, Int. J. Biol. Macromol. 222 (2022) 830–843, https://doi.org/10.1016/j. 
ijbiomac.2022.09.214. 

[156] S. Liu, S.A. Qamar, M. Qamar, K. Basharat, M. Bilal, Engineered nanocellulose- 
based hydrogels for smart drug delivery applications, Int. J. Biol. Macromol. 181 
(2021) 275–290, https://doi.org/10.1016/j.ijbiomac.2021.03.147. 

[157] Z.U. Arif, et al., Additive manufacturing of sustainable biomaterials for 
biomedical applications, Asian J. Pharm. Sci. 18 (3) (2023), 100812, https://doi. 
org/10.1016/j.ajps.2023.100812. 

[158] D.K. Patel, S.D. Dutta, W.-C. Shin, K. Ganguly, K.-T. Lim, Fabrication and 
characterization of 3D printable nanocellulose-based hydrogels for tissue 
engineering, RSC Adv. 11 (13) (2021) 7466–7478, https://doi.org/10.1039/ 
D0RA09620B. 

[159] C. Sun, Y. Wang, M.D. McMurtrey, N.D. Jerred, F. Liou, J. Li, Additive 
manufacturing for energy: a review, Appl. Energy 282 (2021), 116041, https:// 
doi.org/10.1016/j.apenergy.2020.116041. 

[160] A. Paolini, S. Kollmannsberger, E. Rank, Additive manufacturing in construction: 
a review on processes, applications, and digital planning methods, Addit. Manuf. 
30 (2019), 100894, https://doi.org/10.1016/j.addma.2019.100894. 

[161] M. Askari, et al., Additive manufacturing of metamaterials: a review, Addit. 
Manuf. 36 (2020), 101562, https://doi.org/10.1016/j.addma.2020.101562. 

[162] J.J. Beaman, D.L. Bourell, C.C. Seepersad, D. Kovar, Additive manufacturing 
review: early past to current practice, J. Manuf. Sci. Eng. 142 (11) (Sep. 2020), 
https://doi.org/10.1115/1.4048193. 

M.Y. Khalid et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.ijbiomac.2022.11.259
https://doi.org/10.1021/acsbiomaterials.9b01048
https://doi.org/10.1177/08839115221143445
https://doi.org/10.1177/08839115221143445
https://doi.org/10.1016/j.cobme.2017.06.002
https://doi.org/10.1016/j.jclepro.2023.136815
https://doi.org/10.1016/j.jclepro.2023.136815
https://doi.org/10.1002/adma.202000657
https://doi.org/10.1002/adma.202000657
https://doi.org/10.1002/anie.201001273
https://doi.org/10.1002/anie.201001273
https://doi.org/10.1016/j.progpolymsci.2020.101221
https://doi.org/10.1016/j.carbpol.2020.116683
https://doi.org/10.1016/j.carbpol.2019.01.020
https://doi.org/10.1016/j.carbpol.2022.119419
https://doi.org/10.1007/s40005-020-00498-5
https://doi.org/10.1007/s40005-020-00498-5
https://doi.org/10.1039/D2GC03744K
https://doi.org/10.1016/j.foodhyd.2023.108475
https://doi.org/10.1038/s41598-023-29531-x
https://doi.org/10.1007/s12649-021-01658-w
https://doi.org/10.1007/s12649-021-01658-w
https://doi.org/10.1186/s40643-020-00302-0
https://doi.org/10.1186/s40643-020-00302-0
https://doi.org/10.3390/polym15143030
https://doi.org/10.1016/j.ultsonch.2020.105353
https://doi.org/10.1016/j.jechem.2022.03.004
https://doi.org/10.1126/sciadv.abq0160
https://doi.org/10.1016/j.carbpol.2019.115037
https://doi.org/10.1016/j.carbpol.2019.115037
https://doi.org/10.1016/j.jcomc.2022.100287
https://doi.org/10.1016/j.cej.2021.132594
https://doi.org/10.1002/app.52871
https://doi.org/10.1002/app.52871
https://doi.org/10.1016/j.carbpol.2018.12.042
https://doi.org/10.1016/j.ijbiomac.2023.124738
https://doi.org/10.1016/j.ijbiomac.2023.124738
https://doi.org/10.1016/j.ijbiomac.2023.123600
https://doi.org/10.1016/j.ijbiomac.2023.123679
https://doi.org/10.1016/j.ijbiomac.2023.123679
https://doi.org/10.1002/mame.201900092
https://doi.org/10.3389/fchem.2020.00392
https://doi.org/10.3389/fchem.2020.00392
https://doi.org/10.1002/9783527811014.ch3
https://doi.org/10.1002/9783527811014.ch3
https://doi.org/10.1016/J.JCLEPRO.2021.127483
https://doi.org/10.1016/J.JCLEPRO.2021.127483
https://doi.org/10.1016/j.bioactmat.2022.05.018
https://doi.org/10.1002/pc.27175
https://doi.org/10.1002/pc.27175
https://doi.org/10.1016/j.heliyon.2020.e05529
https://doi.org/10.1016/j.ijbiomac.2022.12.027
https://doi.org/10.1007/s00289-022-04618-z
https://doi.org/10.1016/j.compscitech.2022.109490
https://doi.org/10.1016/j.compscitech.2022.109490
https://doi.org/10.1016/j.ijbiomac.2021.07.066
https://doi.org/10.1016/j.ijbiomac.2021.07.066
https://doi.org/10.1016/j.mtcomm.2022.104413
https://doi.org/10.1002/adma.202004349
https://doi.org/10.1016/j.ijbiomac.2022.09.214
https://doi.org/10.1016/j.ijbiomac.2022.09.214
https://doi.org/10.1016/j.ijbiomac.2021.03.147
https://doi.org/10.1016/j.ajps.2023.100812
https://doi.org/10.1016/j.ajps.2023.100812
https://doi.org/10.1039/D0RA09620B
https://doi.org/10.1039/D0RA09620B
https://doi.org/10.1016/j.apenergy.2020.116041
https://doi.org/10.1016/j.apenergy.2020.116041
https://doi.org/10.1016/j.addma.2019.100894
https://doi.org/10.1016/j.addma.2020.101562
https://doi.org/10.1115/1.4048193


International Journal of Biological Macromolecules 251 (2023) 126287

24

[163] B. Zhang, et al., Intelligent biomaterials for micro and nanoscale 3D printing, 
Curr. Opin. Biomed. Eng. (2023), 100454, https://doi.org/10.1016/j. 
cobme.2023.100454. 

[164] K.L. Ameta, V.S. Solanki, V. Singh, A.P. Devi, R.S. Chundawat, S. Haque, Critical 
appraisal and systematic review of 3D & 4D printing in sustainable and 
environment-friendly smart manufacturing technologies, Sustain. Mater. Technol. 
34 (2022), e00481, https://doi.org/10.1016/j.susmat.2022.e00481. 

[165] H. Ravanbakhsh, G. Bao, Z. Luo, L.G. Mongeau, Y.S. Zhang, Composite inks for 
extrusion printing of biological and biomedical constructs, ACS Biomater. Sci. 
Eng. 7 (9) (Sep. 2021) 4009–4026, https://doi.org/10.1021/ 
acsbiomaterials.0c01158. 

[166] G. Gao, B.S. Kim, J. Jang, D.-W. Cho, Recent strategies in extrusion-based three- 
dimensional cell printing toward organ biofabrication, ACS Biomater. Sci. Eng. 5 
(3) (Mar. 2019) 1150–1169, https://doi.org/10.1021/acsbiomaterials.8b00691. 

[167] A.K. Pal, A.K. Mohanty, M. Misra, Additive manufacturing technology of 
polymeric materials for customized products: recent developments and future 
prospective, RSC Adv. 11 (58) (2021) 36398–36438, https://doi.org/10.1039/ 
D1RA04060J. 

[168] Y. Narendra Babu, M. Venkateswara Rao, A. Gopala Krishna, Role of 
reinforcement on mechanical and thermal characteristics of polymer nano 
composites: a review, Mater. Today Proc. 44 (Jan. 2021) 2125–2130, https://doi. 
org/10.1016/J.MATPR.2020.12.273. 

[169] D. Jiang, F. Ning, Y. Wang, Additive manufacturing of biodegradable iron-based 
particle reinforced polylactic acid composite scaffolds for tissue engineering, 
J. Mater. Process. Technol. 289 (Mar. 2021), 116952, https://doi.org/10.1016/J. 
JMATPROTEC.2020.116952. 

[170] K. Sakthiabirami, et al., Hybrid porous zirconia scaffolds fabricated using additive 
manufacturing for bone tissue engineering applications, Mater. Sci. Eng. C 123 
(2021), 111950, https://doi.org/10.1016/j.msec.2021.111950. 

[171] C. Paredes, F.J. Martínez-Vázquez, H. Elsayed, P. Colombo, A. Pajares, 
P. Miranda, Evaluation of direct light processing for the fabrication of bioactive 
ceramic scaffolds: effect of pore/strut size on manufacturability and mechanical 
performance, J. Eur. Ceram. Soc. (July) (2020) 13–15, https://doi.org/10.1016/j. 
jeurceramsoc.2020.09.002. 

[172] B. Zhang, et al., Mechanically robust and UV-curable shape-memory polymers for 
digital light processing based 4D printing, Adv. Mater. 33 (27) (Jul. 2021) 
2101298, https://doi.org/10.1002/adma.202101298. 

[173] Y. Xue, et al., Integration of electrospray and digital light processing for freeform 
patterning of porous microstructures, Adv. Mater. Technol. 5 (11) (2020) 1–10, 
https://doi.org/10.1002/admt.202000578. 

[174] A.P. Moreno Madrid, S.M. Vrech, M.A. Sanchez, A.P. Rodriguez, Advances in 
additive manufacturing for bone tissue engineering scaffolds, Mater. Sci. Eng. C 
100 (2019) 631–644, https://doi.org/10.1016/j.msec.2019.03.037. 

[175] A. Megdich, M. Habibi, L. Laperrière, A review on 4D printing: material 
structures, stimuli and additive manufacturing techniques, Mater. Lett. 337 
(2023), 133977, https://doi.org/10.1016/j.matlet.2023.133977. 

[176] M.P. Mani, et al., A review on 3D printing in tissue engineering applications, 
J. Polym. Eng. (2022), https://doi.org/10.1515/polyeng-2021-0059. 

[177] J.N. DiNoro, et al., Laser sintering approaches for bone tissue engineering, 
Polymers 14 (12) (2022), https://doi.org/10.3390/polym14122336. 

[178] A. Nouri, A. Rohani Shirvan, Y. Li, C. Wen, Additive manufacturing of metallic 
and polymeric load-bearing biomaterials using laser powder bed fusion: a review, 
J. Mater. Sci. Technol. 94 (Dec. 2021) 196–215, https://doi.org/10.1016/J. 
JMST.2021.03.058. 

[179] L.Y. Daikuara, et al., 3D bioprinting constructs to facilitate skin regeneration, 
Adv. Funct. Mater. 32 (3) (Jan. 2022) 2105080, https://doi.org/10.1002/ 
adfm.202105080. 

[180] B.G. Pavan Kalyan, L. Kumar, 3D printing: applications in tissue engineering, 
medical devices, and drug delivery, AAPS PharmSciTech 23 (4) (2022) 92, 
https://doi.org/10.1208/s12249-022-02242-8. 

[181] Z. Mahmud, M. Hassan, A. Hasan, V.G. Gomes, 3D printed nanocomposites for 
tailored cardiovascular tissue constructs: a minireview, Materialia 19 (2021), 
101184, https://doi.org/10.1016/j.mtla.2021.101184. 

[182] J.J. Andrew, H.N. Dhakal, Sustainable biobased composites for advanced 
applications: recent trends and future opportunities – a critical review, Compos. C 
Open Access 7 (2022), 100220, https://doi.org/10.1016/j.jcomc.2021.100220. 

[183] N. Poomathi, et al., 3D printing in tissue engineering: a state of the art review of 
technologies and biomaterials, Rapid Prototyp. J. 26 (7) (Jan. 2020) 1313–1334, 
https://doi.org/10.1108/RPJ-08-2018-0217. 

[184] C.E. Boott, M.A. Soto, W.Y. Hamad, M.J. MacLachlan, Shape-memory photonic 
thermoplastics from cellulose nanocrystals, Adv. Funct. Mater. 31 (43) (Oct. 
2021) 2103268, https://doi.org/10.1002/adfm.202103268. 

[185] M.P. Sekar, et al., Current standards and ethical landscape of engineered 
tissues—3D bioprinting perspective, J. Tissue Eng. 12 (Jan. 2021), https://doi. 
org/10.1177/20417314211027677 (p. 20417314211027676). 

[186] M. Carrola, E. Motta De Castro, A. Tabei, A. Asadi, Cellulose nanocrystal-assisted 
processing of nanocomposite filaments for fused filament fabrication, Polymer 
(2023), 125980, https://doi.org/10.1016/j.polymer.2023.125980. 

[187] A. Saddique, I.W. Cheong, Recent advances in three-dimensional bioprinted 
nanocellulose-based hydrogel scaffolds for biomedical applications, Korean J. 
Chem. Eng. 38 (11) (2021) 2171–2194, https://doi.org/10.1007/s11814-021- 
0926-x. 

[188] S. Shariatnia, A. Veldanda, S. Obeidat, D. Jarrahbashi, A. Asadi, Atomization of 
cellulose nanocrystals aqueous suspensions in fused deposition modeling: a 
scalable technique to improve the strength of 3D printed polymers, Compos. Part 
B 177 (2019), 107291, https://doi.org/10.1016/j.compositesb.2019.107291. 

[189] C. Gauss, K.L. Pickering, A new method for producing polylactic acid 
biocomposites for 3D printing with improved tensile and thermo-mechanical 
performance using grafted nanofibrillated cellulose, Addit. Manuf. 61 (2023), 
103346, https://doi.org/10.1016/j.addma.2022.103346. 

[190] S. Singh, S. Ramakrishna, F. Berto, 3D printing of polymer composites: a short 
review, Mater. Des. Process. Commun. 2 (2) (Apr. 2020), e97, https://doi.org/ 
10.1002/mdp2.97. 

[191] V.S. Reddy, B. Ramasubramanian, V.M. Telrandhe, S. Ramakrishna, 
Contemporary standpoint and future of 3D bioprinting in tissue/organs printing, 
Curr. Opin. Biomed. Eng. (2023), 100461, https://doi.org/10.1016/j. 
cobme.2023.100461. 

[192] J. Domingues, T. Marques, A. Mateus, P. Carreira, C. Malça, An additive 
manufacturing solution to produce big green parts from tires and recycled 
plastics, Procedia Manuf. 12 (Jan. 2017) 242–248, https://doi.org/10.1016/J. 
PROMFG.2017.08.028. 

[193] N.E. Putra, et al., Extrusion-based 3D printed biodegradable porous iron, Acta 
Biomater. 121 (Feb. 2021) 741–756, https://doi.org/10.1016/J. 
ACTBIO.2020.11.022. 

[194] J. Shojaeiarani, D. Bajwa, A. Shirzadifar, A review on cellulose nanocrystals as 
promising biocompounds for the synthesis of nanocomposite hydrogels, 
Carbohydr. Polym. 216 (2019) 247–259, https://doi.org/10.1016/j. 
carbpol.2019.04.033. 

[195] N.J. Kanu, E. Gupta, U.K. Vates, G.K. Singh, An insight into biomimetic 4D 
printing, RSC Adv. 9 (65) (2019) 38209–38226, https://doi.org/10.1039/ 
C9RA07342F. 

[196] C. Jia, et al., Thermally stable cellulose nanocrystals toward high-performance 2D 
and 3D nanostructures, ACS Appl. Mater. Interfaces 9 (34) (Aug. 2017) 
28922–28929, https://doi.org/10.1021/acsami.7b08760. 

[197] C. Radeke, et al., Transparent and cell-guiding cellulose nanofiber 3D printing 
bioinks, ACS Appl. Mater. Interfaces 15 (2) (Jan. 2023) 2564–2577, https://doi. 
org/10.1021/acsami.2c16126. 

[198] M.Y. Khalid, A. Al Rashid, Z.U. Arif, W. Ahmed, H. Arshad, Recent advances in 
nanocellulose-based different biomaterials: types, properties, and emerging 
applications, J. Mater. Res. Technol. 14 (Sep. 2021) 2601–2623, https://doi.org/ 
10.1016/J.JMRT.2021.07.128. 

[199] S. Guddati, A.S.K. Kiran, M. Leavy, S. Ramakrishna, Recent advancements in 
additive manufacturing technologies for porous material applications, Int. J. Adv. 
Manuf. Technol. 105 (1) (2019) 193–215, https://doi.org/10.1007/s00170-019- 
04116-z. 

[200] S. Singh, S. Ramakrishna, Biomedical applications of additive manufacturing: 
present and future, Curr. Opin. Biomed. Eng. 2 (2017) 105–115, https://doi.org/ 
10.1016/j.cobme.2017.05.006. 

[201] J. An, K.F. Leong, Multi-material and multi-dimensional 3D printing for 
biomedical materials and devices, Biomed. Mater. Devices (2022), https://doi. 
org/10.1007/s44174-022-00038-9. 

[202] F. Fahma, et al., Three-dimensional printed cellulose for wound dressing 
applications, 3D Print. Addit. Manuf. (Oct. 2022), https://doi.org/10.1089/ 
3dp.2021.0327. 

[203] D. Cafiso, et al., 3D printing of fully cellulose-based hydrogels by digital light 
processing, Sustain. Mater. Technol. 32 (2022), e00444, https://doi.org/ 
10.1016/j.susmat.2022.e00444. 

[204] D. Muhindo, R. Elkanayati, P. Srinivasan, M.A. Repka, E.A. Ashour, Recent 
advances in the applications of additive manufacturing (3D printing) in drug 
delivery: a comprehensive review, AAPS PharmSciTech 24 (2) (2023) 57, https:// 
doi.org/10.1208/s12249-023-02524-9. 

[205] V.C.F. Li, X. Kuang, A. Mulyadi, C.M. Hamel, Y. Deng, H.J. Qi, 3D printed 
cellulose nanocrystal composites through digital light processing, Cellulose 26 (6) 
(2019) 3973–3985, https://doi.org/10.1007/s10570-019-02353-9. 

[206] A. Groetsch, et al., Microscale 3D printing and tuning of cellulose nanocrystals 
reinforced polymer nanocomposites, Small 19 (3) (Jan. 2023) 2202470, https:// 
doi.org/10.1002/smll.202202470. 

[207] G. Minnick, et al., Two-photon polymerized shape memory microfibers: a new 
mechanical characterization method in liquid, Adv. Funct. Mater. 33 (3) (Jan. 
2023) 2206739, https://doi.org/10.1002/adfm.202206739. 

[208] T. Kuhnt, S. Camarero-Espinosa, Additive manufacturing of nanocellulose based 
scaffolds for tissue engineering: beyond a reinforcement filler, Carbohydr. Polym. 
252 (Jan. 2021), 117159, https://doi.org/10.1016/J.CARBPOL.2020.117159. 

[209] M. Rafiq, et al., Overview of printable nanoparticles through inkjet process: their 
application towards medical use, Microelectron. Eng. 266 (2022), 111889, 
https://doi.org/10.1016/j.mee.2022.111889. 

[210] V.S. Telang, R. Pemmada, V. Thomas, S. Ramakrishna, P. Tandon, H.S. Nanda, 
Harnessing additive manufacturing for magnesium-based metallic bioimplants: 
recent advances and future perspectives, Curr. Opin. Biomed. Eng. 17 (2021), 
100264, https://doi.org/10.1016/j.cobme.2021.100264. 

[211] D. Loterie, P. Delrot, C. Moser, High-resolution tomographic volumetric additive 
manufacturing, Nat. Commun. 11 (1) (2020) 852, https://doi.org/10.1038/ 
s41467-020-14630-4. 

[212] K. Hu, P. Zhao, J. Li, Z. Lu, High-resolution multiceramic additive manufacturing 
based on digital light processing, Addit. Manuf. 54 (2022), 102732, https://doi. 
org/10.1016/j.addma.2022.102732. 
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[228] M. Jiménez, L. Romero, I.A. Domínguez, M. del M. Espinosa, M. Domínguez, 
Additive manufacturing technologies: an overview about 3D printing methods 
and future prospects, Complexity 2019 (2019) 9656938, https://doi.org/ 
10.1155/2019/9656938. 

[229] A. Al Rashid, W. Ahmed, M.Y. Khalid, M. Koç, Vat photopolymerization of 
polymers and polymer composites: processes and applications, Addit. Manuf. 47 
(Nov. 2021), 102279, https://doi.org/10.1016/J.ADDMA.2021.102279. 

[230] The best industrial FDM 3D printers of 2022 | All3DP Pro. https://all3dp.com/1/ 
best-industrial-fdm-3d-printers-2021/ (accessed Mar. 07, 2023). 

[231] Top inkjet AND printers companies | VentureRadar. https://www.ventureradar. 
com/keyword/Inkjet. Printers (accessed Mar. 07, 2023). 

[232] 5 biggest 3D printing companies. https://www.investopedia.com/articles/investi 
ng/081515/three-biggest-3d-printing-companies.asp (accessed Mar. 07, 2023). 

[233] The top metal 3D printer manufacturers in 2023 - 3Dnatives. https://www.3dnati 
ves.com/en/metal-3d-printer-manufacturers/ (accessed Mar. 07, 2023). 

[234] B. Jian, F. Demoly, Y. Zhang, H.J. Qi, J.-C. André, S. Gomes, Origami-based 
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[248] M. Shahbazi, H. Jäger, R. Ettelaie, A. Mohammadi, P. Asghartabar Kashi, 
Multimaterial 3D printing of self-assembling smart thermo-responsive polymers 
into 4D printed objects: a review, Addit. Manuf. 71 (2023), 103598, https://doi. 
org/10.1016/j.addma.2023.103598. 

[249] D. Kim, I. Ferretto, W. Kim, C. Leinenbach, W. Lee, Effect of post-heat treatment 
conditions on shape memory property in 4D printed Fe–17Mn–5Si–10Cr–4Ni 
shape memory alloy, Mater. Sci. Eng. A 852 (2022), 143689, https://doi.org/ 
10.1016/j.msea.2022.143689. 

[250] S. Li, Review on development and application of 4D-printing technology in smart 
textiles, J. Eng. Fibers Fabr. 18 (Jan. 2023), https://doi.org/10.1177/ 
15589250231177448 (p. 15589250231177448). 

[251] S. Vatanparast, A. Boschetto, L. Bottini, P. Gaudenzi, New trends in 4D printing: a 
critical review, Appl. Sci. 13 (13) (2023), https://doi.org/10.3390/app13137744. 

[252] T. Yao, Y. Wang, B. Zhu, D. Wei, Y. Yang, X. Han, 4D printing and collaborative 
design of highly flexible shape memory alloy structures: a case study for a 
metallic robot prototype, Smart Mater. Struct. 30 (1) (2021) 15018, https://doi. 
org/10.1088/1361-665X/abcc0a. 

[253] D. Kim, I. Ferretto, C. Leinenbach, W. Lee, 3D and 4D printing of complex 
structures of Fe–Mn–Si-based shape memory alloy using laser powder bed fusion, 
Adv. Mater. Interfaces 9 (13) (May 2022) 2200171, https://doi.org/10.1002/ 
admi.202200171. 

[254] S. Grira, H.A. Khalifeh, M. Alkhedher, M. Ramadan, 3D printing algae-based 
materials: pathway towards 4D bioprinting, Bioprinting (2023), e00291, https:// 
doi.org/10.1016/j.bprint.2023.e00291. 

[255] M.O. Faruque, Y. Lee, G.J. Wyckoff, C.H. Lee, Application of 4D printing and AI to 
cardiovascular devices, J. Drug Deliv. Sci. Technol. 80 (2023), 104162, https:// 
doi.org/10.1016/j.jddst.2023.104162. 

[256] M. Chen, M. Gao, L. Bai, H. Zheng, H.J. Qi, K. Zhou, Recent advances in 4D 
printing of liquid crystal elastomers, Adv. Mater. 35 (23) (Jun. 2023) 2209566, 
https://doi.org/10.1002/adma.202209566. 

[257] A. Milleret, 4D printing of Ni–Mn–Ga magnetic shape memory alloys: a review, 
Mater. Sci. Technol. 38 (10) (Jul. 2022) 593–606, https://doi.org/10.1080/ 
02670836.2022.2062655. 

[258] H.Z. Lu, et al., Ultrahigh-performance TiNi shape memory alloy by 4D printing, 
Mater. Sci. Eng. A 763 (2019), 138166, https://doi.org/10.1016/j. 
msea.2019.138166. 

[259] M.Y. Khalid, Z.U. Arif, W. Ahmed, R. Umer, A. Zolfagharian, M. Bodaghi, 4D 
printing: technological developments in robotics applications, Sensors Actuators 
A Phys. (2022), 113670, https://doi.org/10.1016/j.sna.2022.113670. 

[260] K. Kim, et al., 4D printing of hygroscopic liquid crystal elastomer actuators, Small 
17 (23) (Jun. 2021) 2100910, https://doi.org/10.1002/smll.202100910. 

[261] C.J. Thrasher, J.J. Schwartz, A.J. Boydston, Modular elastomer photoresins for 
digital light processing additive manufacturing, ACS Appl. Mater. Interfaces 9 
(45) (2017) 39708–39716, https://doi.org/10.1021/acsami.7b13909. 

[262] Y. Feng, J. Xu, S. Zeng, Y. Gao, J. Tan, Controlled helical deformation of 
programmable bilayer structures: design and fabrication, Smart Mater. Struct. 29 
(8) (2020) 85042, https://doi.org/10.1088/1361-665x/ab905d. 

[263] N.B. Palaganas, J.O. Palaganas, S.H.Z. Doroteo, J.C. Millare, Covalently 
functionalized cellulose nanocrystal-reinforced photocurable thermosetting 
elastomer for 3D printing application, Addit. Manuf. 61 (2023), 103295, https:// 
doi.org/10.1016/j.addma.2022.103295. 

[264] K. Feng, G. Wei, Y. Liu, Y. Wu, F. Zhou, Cellulose nanocrystals chiral nematic 
coating with reversible multiple-stimuli-responsive coloration, ACS Sustain. 
Chem. Eng. 11 (22) (Jun. 2023) 8374–8385, https://doi.org/10.1021/ 
acssuschemeng.3c01782. 

[265] J. Tang, M.U. Javaid, C. Pan, G. Yu, R.M. Berry, K.C. Tam, Self-healing stimuli- 
responsive cellulose nanocrystal hydrogels, Carbohydr. Polym. 229 (2020), 
115486, https://doi.org/10.1016/j.carbpol.2019.115486. 

[266] A.K. Rana, E. Frollini, V.K. Thakur, Cellulose nanocrystals: pretreatments, 
preparation strategies, and surface functionalization, Int. J. Biol. Macromol. 182 
(2021) 1554–1581, https://doi.org/10.1016/j.ijbiomac.2021.05.119. 

[267] O.M. Vanderfleet, E.D. Cranston, Production routes to tailor the performance of 
cellulose nanocrystals, Nat. Rev. Mater. 6 (2) (2021) 124–144, https://doi.org/ 
10.1038/s41578-020-00239-y. 

M.Y. Khalid et al.                                                                                                                                                                                                                               

https://doi.org/10.1126/science.aau7114
https://doi.org/10.1126/science.aau7114
https://doi.org/10.3390/mi11070633
https://doi.org/10.1016/j.drudis.2018.11.019
https://doi.org/10.1016/j.drudis.2018.11.019
https://doi.org/10.1007/s40964-019-00077-7
https://doi.org/10.1007/s40964-019-00077-7
https://doi.org/10.1002/adma.201901994
https://doi.org/10.1016/j.jddst.2022.104108
https://doi.org/10.1016/j.jddst.2022.104108
https://doi.org/10.1016/j.pmatsci.2021.100795
https://doi.org/10.1016/j.jmrt.2021.07.016
https://doi.org/10.1016/j.jmrt.2021.07.016
https://doi.org/10.1063/5.0031191
https://doi.org/10.1016/j.jallcom.2018.08.152
https://doi.org/10.1557/s43579-020-00006-8
https://doi.org/10.1002/adfm.201904845
https://doi.org/10.1002/adfm.201904845
https://doi.org/10.1021/acsami.0c08567
https://doi.org/10.1007/s00170-020-05262-5
https://doi.org/10.1155/2019/9656938
https://doi.org/10.1155/2019/9656938
https://doi.org/10.1016/J.ADDMA.2021.102279
https://all3dp.com/1/best-industrial-fdm-3d-printers-2021/
https://all3dp.com/1/best-industrial-fdm-3d-printers-2021/
https://www.ventureradar.com/keyword/Inkjet
https://www.ventureradar.com/keyword/Inkjet
https://www.investopedia.com/articles/investing/081515/three-biggest-3d-printing-companies.asp
https://www.investopedia.com/articles/investing/081515/three-biggest-3d-printing-companies.asp
https://www.3dnatives.com/en/metal-3d-printer-manufacturers/
https://www.3dnatives.com/en/metal-3d-printer-manufacturers/
https://doi.org/10.1016/j.eng.2021.06.028
https://doi.org/10.1007/s12221-020-9882-z
https://doi.org/10.1002/admt.202200801
https://doi.org/10.1002/admt.202200801
https://doi.org/10.1016/j.mee.2022.111874
https://doi.org/10.1002/adfm.201805290
https://doi.org/10.1016/J.APMT.2019.100490
https://doi.org/10.1016/J.APMT.2019.100490
https://doi.org/10.1016/j.aiepr.2021.05.001
https://doi.org/10.1002/admt.202300366
https://doi.org/10.1016/j.polymer.2021.123926
https://doi.org/10.1016/j.polymer.2021.123926
https://doi.org/10.1016/j.msec.2018.12.054
https://doi.org/10.1007/s10237-021-01540-7
https://doi.org/10.1007/s10237-021-01540-7
https://doi.org/10.1016/J.COMPOSITESB.2021.109104
https://doi.org/10.1016/j.matpr.2020.11.907
https://doi.org/10.3390/jfb14070347
https://doi.org/10.1016/j.addma.2023.103598
https://doi.org/10.1016/j.addma.2023.103598
https://doi.org/10.1016/j.msea.2022.143689
https://doi.org/10.1016/j.msea.2022.143689
https://doi.org/10.1177/15589250231177448
https://doi.org/10.1177/15589250231177448
https://doi.org/10.3390/app13137744
https://doi.org/10.1088/1361-665X/abcc0a
https://doi.org/10.1088/1361-665X/abcc0a
https://doi.org/10.1002/admi.202200171
https://doi.org/10.1002/admi.202200171
https://doi.org/10.1016/j.bprint.2023.e00291
https://doi.org/10.1016/j.bprint.2023.e00291
https://doi.org/10.1016/j.jddst.2023.104162
https://doi.org/10.1016/j.jddst.2023.104162
https://doi.org/10.1002/adma.202209566
https://doi.org/10.1080/02670836.2022.2062655
https://doi.org/10.1080/02670836.2022.2062655
https://doi.org/10.1016/j.msea.2019.138166
https://doi.org/10.1016/j.msea.2019.138166
https://doi.org/10.1016/j.sna.2022.113670
https://doi.org/10.1002/smll.202100910
https://doi.org/10.1021/acsami.7b13909
https://doi.org/10.1088/1361-665x/ab905d
https://doi.org/10.1016/j.addma.2022.103295
https://doi.org/10.1016/j.addma.2022.103295
https://doi.org/10.1021/acssuschemeng.3c01782
https://doi.org/10.1021/acssuschemeng.3c01782
https://doi.org/10.1016/j.carbpol.2019.115486
https://doi.org/10.1016/j.ijbiomac.2021.05.119
https://doi.org/10.1038/s41578-020-00239-y
https://doi.org/10.1038/s41578-020-00239-y


International Journal of Biological Macromolecules 251 (2023) 126287

26

[268] J. Shojaeiarani, D.S. Bajwa, S. Chanda, Cellulose nanocrystal based composites: a 
review, Compos. C Open Access 5 (2021), 100164, https://doi.org/10.1016/j. 
jcomc.2021.100164. 

[269] B. Liu, H. Zhong, D. Hu, Construction of network-like cross-linked cellulose 
aerogel films with water-responsive properties for visualization of pH changes, 
Colloids Surf. A Physicochem. Eng. Asp. 656 (2023), 130420, https://doi.org/ 
10.1016/j.colsurfa.2022.130420. 

[270] Y. Zheng, L. Zhang, B. Duan, Anisotropic chitosan/tunicate cellulose nanocrystals 
hydrogel with tunable interference color and acid-responsiveness, Carbohydr. 
Polym. 295 (2022), 119866, https://doi.org/10.1016/j.carbpol.2022.119866. 

[271] Z.U. Arif, M.Y. Khalid, A. Zolfagharian, M. Bodaghi, 4D bioprinting of smart 
polymers for biomedical applications: recent progress, challenges, and future 
perspectives, React. Funct. Polym. (2022), 105374, https://doi.org/10.1016/j. 
reactfunctpolym.2022.105374. 

[272] A.A. Belyaeva, et al., Fibrillar biocompatible colloidal gels based on cellulose 
nanocrystals and poly(N-isopropylacrylamide) for direct ink writing, J. Colloid 
Interface Sci. 635 (2023) 348–357, https://doi.org/10.1016/j.jcis.2022.12.106. 

[273] Y. Zhou, et al., 3D printing of polyurethane/nanocellulose shape memory 
composites with tunable glass transition temperature, Ind. Crop. Prod. 182 
(2022), 114831, https://doi.org/10.1016/j.indcrop.2022.114831. 

[274] J. Zhou, X. Liu, X. Wang, Photo-responsive cellulose nanocrystal modified 
fluorinated polyacrylate based on coumarin chemistry, J. Appl. Polym. Sci. (Feb. 
2023) e53757, https://doi.org/10.1002/app.53757 (vol. n/a, no. n/a). 

[275] L.A.E. Müller, et al., Photoresponsive movement in 3D printed cellulose 
nanocomposites, ACS Appl. Mater. Interfaces 14 (14) (Apr. 2022) 16703–16717, 
https://doi.org/10.1021/acsami.2c02154. 

[276] L.A.E. Müller, T. Zimmermann, G. Nyström, I. Burgert, G. Siqueira, Mechanical 
properties tailoring of 3D printed photoresponsive nanocellulose composites, 
Adv. Funct. Mater. 30 (35) (Aug. 2020) 2002914, https://doi.org/10.1002/ 
adfm.202002914. 

[277] L.A.E. Müller, et al., Functionalized cellulose nanocrystals as active 
reinforcements for light-actuated 3D-printed structures, ACS Nano 16 (11) (Nov. 
2022) 18210–18222, https://doi.org/10.1021/acsnano.2c05628. 

[278] Y. Deng, et al., Stimuli-responsive nanocellulose hydrogels: an overview, Eur. 
Polym. J. 180 (2022), 111591, https://doi.org/10.1016/j. 
eurpolymj.2022.111591. 

[279] A. Firmanda, et al., 3D printed cellulose based product applications, Mater. Chem. 
Front. 6 (3) (2022) 254–279, https://doi.org/10.1039/D1QM00390A. 

[280] L. Cecchini, S. Mariani, M. Ronzan, A. Mondini, N.M. Pugno, B. Mazzolai, 4D 
printing of humidity-driven seed inspired soft robots, Adv. Sci. (Feb. 2023) 
2205146, https://doi.org/10.1002/advs.202205146 (vol. n/a, no. n/a). 

[281] A. Gevorkian, et al., Actuation of three-dimensional-printed nanocolloidal 
hydrogel with structural anisotropy, Adv. Funct. Mater. 31 (17) (Apr. 2021) 
2010743, https://doi.org/10.1002/adfm.202010743. 

[282] G. Qu, et al., 4D-printed bilayer hydrogel with adjustable bending degree for 
enteroatmospheric fistula closure, Mater. Today Bio 16 (2022), 100363, https:// 
doi.org/10.1016/j.mtbio.2022.100363. 

[283] H. Bi, G. Ye, H. Sun, Z. Ren, T. Gu, M. Xu, Mechanically robust, shape memory, 
self-healing and 3D printable thermoreversible cross-linked polymer composites 
toward conductive and biomimetic skin devices applications, Addit. Manuf. 49 
(2022), 102487, https://doi.org/10.1016/j.addma.2021.102487. 

[284] T.A. Saleh, G. Fadillah, E. Ciptawati, Smart advanced responsive materials, 
synthesis methods and classifications: from Lab to applications, J. Polym. Res. 28 
(6) (2021) 197, https://doi.org/10.1007/s10965-021-02541-x. 

[285] B.I. Oladapo, J.F. Kayode, J.O. Akinyoola, O.M. Ikumapayi, Shape memory 
polymer review for flexible artificial intelligence materials of biomedical, Mater. 
Chem. Phys. 293 (2023), 126930, https://doi.org/10.1016/j. 
matchemphys.2022.126930. 

[286] W. Chen, B. Sun, P. Biehl, K. Zhang, Cellulose-based soft actuators, Macromol. 
Mater. Eng. 307 (6) (Jun. 2022) 2200072, https://doi.org/10.1002/ 
mame.202200072. 

[287] K.M. N’Gatta, et al., 3D printing of cellulose nanocrystals based composites to 
build robust biomimetic scaffolds for bone tissue engineering, Sci. Rep. 12 (1) 
(2022) 21244, https://doi.org/10.1038/s41598-022-25652-x. 

[288] M. Barbier, M.J. Le Guen, J. McDonald-Wharry, J.H. Bridson, K.L. Pickering, 
Quantifying the shape memory performance of a three-dimensional-printed 
biobased polyester/cellulose composite material, 3D Print. Addit. Manuf. 8 (3) 
(2021) 193–200. 

[289] P.-C. Lai, Z.-F. Ren, S.-S. Yu, Thermally induced gelation of cellulose nanocrystals 
in deep eutectic solvents for 3D printable and self-healable Ionogels, ACS Appl. 
Polym. Mater. 4 (12) (Dec. 2022) 9221–9230, https://doi.org/10.1021/ 
acsapm.2c01508. 

[290] V.C. Agbakoba, P. Hlangothi, J. Andrew, M.J. John, Mechanical and shape 
memory properties of 3D-printed cellulose nanocrystal (CNC)-reinforced 
polylactic acid bionanocomposites for potential 4D applications, Sustainability 14 
(19) (2022), https://doi.org/10.3390/su141912759. 

[291] Y. Cui, R. Jin, Y. Zhang, M. Yu, Y. Zhou, L.-Q. Wang, Cellulose nanocrystal- 
enhanced thermal-sensitive hydrogels of block copolymers for 3D bioprinting, Int. 
J. Bioprint. 7 (4) (2021). 

[292] O. Fourmann, et al., 3D printing of shape-morphing and antibacterial anisotropic 
nanocellulose hydrogels, Carbohydr. Polym. 259 (2021), 117716, https://doi. 
org/10.1016/j.carbpol.2021.117716. 

[293] R. Reshmy, et al., Nanocellulose-based products for sustainable applications- 
recent trends and possibilities, Rev. Environ. Sci. Bio/Technol. 19 (4) (2020) 
779–806, https://doi.org/10.1007/s11157-020-09551-z. 

[294] H. Dai, et al., Recent advances on cellulose nanocrystals for Pickering emulsions: 
development and challenge, Trends Food Sci. Technol. 102 (2020) 16–29, 
https://doi.org/10.1016/j.tifs.2020.05.016. 

[295] H. Tao, N. Lavoine, F. Jiang, J. Tang, N. Lin, Reducing end modification on 
cellulose nanocrystals: strategy, characterization, applications and challenges, 
Nanoscale Horiz. 5 (4) (2020) 607–627, https://doi.org/10.1039/D0NH00016G. 

[296] R.M. Neves, H.L. Ornaghi, A.J. Zattera, S.C. Amico, Recent studies on modified 
cellulose/nanocellulose epoxy composites: a systematic review, in: Carbohydr. 
Polym vol. 255, Elsevier Ltd, Mar. 01, 2021, p. 117366, https://doi.org/10.1016/ 
j.carbpol.2020.117366. 

[297] A. Tran, C.E. Boott, M.J. MacLachlan, Understanding the self-assembly of 
cellulose nanocrystals—toward chiral photonic materials, Adv. Mater. 32 (41) 
(Oct. 2020) 1905876, https://doi.org/10.1002/adma.201905876. 

[298] X. Jiang, et al., 3D printable hybrid gel made of polymer surface-modified 
cellulose nanofibrils prepared by Surface-Initiated Controlled Radical 
Polymerization (SI-SET-LRP) and upconversion luminescent nanoparticles, ACS 
Appl. Mater. Interfaces 15 (4) (Feb. 2023) 5687–5700, https://doi.org/10.1021/ 
acsami.2c20775. 

[299] M. Esmaeili, S. Norouzi, K. George, G. Rezvan, N. Taheri-Qazvini, M. Sadati, 3D 
printing-assisted self-assembly to bio-inspired Bouligand nanostructures, Small 
(Feb. 2023) 2206847, https://doi.org/10.1002/smll.202206847 (vol. n/a, no. n/ 
a). 

[300] H. Bi, et al., Fabrication of cellulose nanocrystal reinforced thermoplastic 
polyurethane/polycaprolactone blends for three-dimension printing self-healing 
nanocomposites, Cellulose 27 (14) (2020) 8011–8026, https://doi.org/10.1007/ 
s10570-020-03328-x. 

[301] G. Siqueira, et al., Cellulose nanocrystal inks for 3D printing of textured cellular 
architectures, Adv. Funct. Mater. 27 (12) (Mar. 2017) 1604619, https://doi.org/ 
10.1002/adfm.201604619. 

[302] T. Kim, C. Bao, M. Hausmann, G. Siqueira, T. Zimmermann, W.S. Kim, 3D printed 
disposable wireless ion sensors with biocompatible cellulose composites, Adv. 
Electron. Mater. 5 (2) (Feb. 2019) 1800778, https://doi.org/10.1002/ 
aelm.201800778. 

[303] N.B. Palaganas, et al., 3D printing of photocurable cellulose nanocrystal 
composite for fabrication of complex architectures via stereolithography, ACS 
Appl. Mater. Interfaces 9 (39) (Oct. 2017) 34314–34324, https://doi.org/ 
10.1021/acsami.7b09223. 

[304] H. Baniasadi, et al., High-resolution 3D printing of xanthan gum/nanocellulose 
bio-inks, Int. J. Biol. Macromol. 209 (2022) 2020–2031, https://doi.org/ 
10.1016/j.ijbiomac.2022.04.183. 

[305] S.D. Dutta, J. Hexiu, D.K. Patel, K. Ganguly, K.T. Lim, 3D-printed bioactive and 
biodegradable hydrogel scaffolds of alginate/gelatin/cellulose nanocrystals for 
tissue engineering, Int. J. Biol. Macromol. 167 (Jan. 2021) 644–658, https://doi. 
org/10.1016/J.IJBIOMAC.2020.12.011. 

[306] A. Giubilini, et al., 3D-printing nanocellulose-poly(3-hydroxybutyrate-co-3- 
hydroxyhexanoate) biodegradable composites by fused deposition modeling, ACS 
Sustain. Chem. Eng. 8 (27) (Jul. 2020) 10292–10302, https://doi.org/10.1021/ 
acssuschemeng.0c03385. 

[307] V.C.-F. Li, X. Kuang, C.M. Hamel, D. Roach, Y. Deng, H.J. Qi, Cellulose 
nanocrystals support material for 3D printing complexly shaped structures via 
multi-materials-multi-methods printing, Addit. Manuf. 28 (2019) 14–22, https:// 
doi.org/10.1016/j.addma.2019.04.013. 

[308] S. Sultan, A.P. Mathew, 3D printed scaffolds with gradient porosity based on a 
cellulose nanocrystal hydrogel, Nanoscale 10 (9) (2018) 4421–4431, https://doi. 
org/10.1039/C7NR08966J. 

[309] M. Esmaeili, K. George, G. Rezvan, N. Taheri-Qazvini, R. Zhang, M. Sadati, 
Capillary flow characterizations of chiral nematic cellulose nanocrystal 
suspensions, Langmuir 38 (7) (Feb. 2022) 2192–2204, https://doi.org/10.1021/ 
acs.langmuir.1c01881. 

[310] Z. Yang, G. Wu, S. Wang, M. Xu, X. Feng, Dynamic postpolymerization of 3D- 
printed photopolymer nanocomposites: effect of cellulose nanocrystal and 
postcure temperature, J. Polym. Sci. B Polym. Phys. 56 (12) (Jun. 2018) 935–946, 
https://doi.org/10.1002/polb.24610. 

[311] B. Wang, J. Liu, K. Chen, Y. Wang, Z. Shao, Three-dimensional printing of 
methacrylic grafted cellulose nanocrystal-reinforced nanocomposites with 
improved properties, Polym. Eng. Sci. 60 (4) (Apr. 2020) 782–792, https://doi. 
org/10.1002/pen.25336. 

[312] Q. Wang, et al., Cellulose nanocrystal enhanced, high dielectric 3D printing 
composite resin for energy applications, Compos. Sci. Technol. 227 (2022), 
109601, https://doi.org/10.1016/j.compscitech.2022.109601. 

[313] M. Babi, et al., Tuning the nanotopography and chemical functionality of 3D 
printed scaffolds through cellulose nanocrystal coatings, ACS Appl. Bio Mater. 4 
(12) (Dec. 2021) 8443–8455, https://doi.org/10.1021/acsabm.1c00970. 

[314] W. Boonlai, V. Tantishaiyakul, N. Hirun, Characterization of κ-carrageenan/ 
methylcellulose/cellulose nanocrystal hydrogels for 3D bioprinting, Polym. Int. 
71 (2) (Feb. 2022) 181–191, https://doi.org/10.1002/pi.6298. 

[315] T. Ma, et al., Rheological behavior and particle alignment of cellulose nanocrystal 
and its composite hydrogels during 3D printing, Carbohydr. Polym. 253 (2021), 
117217, https://doi.org/10.1016/j.carbpol.2020.117217. 

[316] C. Feng, S.-S. Yu, 3D printing of thermal insulating polyimide/cellulose 
nanocrystal composite aerogels with low dimensional shrinkage, Polymers 13 
(21) (2021), https://doi.org/10.3390/polym13213614. 

[317] K. Maity, A. Mondal, M.C. Saha, Cellulose nanocrystal-based all-3D-printed pyro- 
piezoelectric nanogenerator for hybrid energy harvesting and self-powered 
cardiorespiratory monitoring toward the human–machine interface, ACS Appl. 
Mater. Interfaces (Mar. 2023), https://doi.org/10.1021/acsami.2c21680. 

M.Y. Khalid et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.jcomc.2021.100164
https://doi.org/10.1016/j.jcomc.2021.100164
https://doi.org/10.1016/j.colsurfa.2022.130420
https://doi.org/10.1016/j.colsurfa.2022.130420
https://doi.org/10.1016/j.carbpol.2022.119866
https://doi.org/10.1016/j.reactfunctpolym.2022.105374
https://doi.org/10.1016/j.reactfunctpolym.2022.105374
https://doi.org/10.1016/j.jcis.2022.12.106
https://doi.org/10.1016/j.indcrop.2022.114831
https://doi.org/10.1002/app.53757
https://doi.org/10.1021/acsami.2c02154
https://doi.org/10.1002/adfm.202002914
https://doi.org/10.1002/adfm.202002914
https://doi.org/10.1021/acsnano.2c05628
https://doi.org/10.1016/j.eurpolymj.2022.111591
https://doi.org/10.1016/j.eurpolymj.2022.111591
https://doi.org/10.1039/D1QM00390A
https://doi.org/10.1002/advs.202205146
https://doi.org/10.1002/adfm.202010743
https://doi.org/10.1016/j.mtbio.2022.100363
https://doi.org/10.1016/j.mtbio.2022.100363
https://doi.org/10.1016/j.addma.2021.102487
https://doi.org/10.1007/s10965-021-02541-x
https://doi.org/10.1016/j.matchemphys.2022.126930
https://doi.org/10.1016/j.matchemphys.2022.126930
https://doi.org/10.1002/mame.202200072
https://doi.org/10.1002/mame.202200072
https://doi.org/10.1038/s41598-022-25652-x
http://refhub.elsevier.com/S0141-8130(23)03183-5/rf1440
http://refhub.elsevier.com/S0141-8130(23)03183-5/rf1440
http://refhub.elsevier.com/S0141-8130(23)03183-5/rf1440
http://refhub.elsevier.com/S0141-8130(23)03183-5/rf1440
https://doi.org/10.1021/acsapm.2c01508
https://doi.org/10.1021/acsapm.2c01508
https://doi.org/10.3390/su141912759
http://refhub.elsevier.com/S0141-8130(23)03183-5/rf1455
http://refhub.elsevier.com/S0141-8130(23)03183-5/rf1455
http://refhub.elsevier.com/S0141-8130(23)03183-5/rf1455
https://doi.org/10.1016/j.carbpol.2021.117716
https://doi.org/10.1016/j.carbpol.2021.117716
https://doi.org/10.1007/s11157-020-09551-z
https://doi.org/10.1016/j.tifs.2020.05.016
https://doi.org/10.1039/D0NH00016G
https://doi.org/10.1016/j.carbpol.2020.117366
https://doi.org/10.1016/j.carbpol.2020.117366
https://doi.org/10.1002/adma.201905876
https://doi.org/10.1021/acsami.2c20775
https://doi.org/10.1021/acsami.2c20775
https://doi.org/10.1002/smll.202206847
https://doi.org/10.1007/s10570-020-03328-x
https://doi.org/10.1007/s10570-020-03328-x
https://doi.org/10.1002/adfm.201604619
https://doi.org/10.1002/adfm.201604619
https://doi.org/10.1002/aelm.201800778
https://doi.org/10.1002/aelm.201800778
https://doi.org/10.1021/acsami.7b09223
https://doi.org/10.1021/acsami.7b09223
https://doi.org/10.1016/j.ijbiomac.2022.04.183
https://doi.org/10.1016/j.ijbiomac.2022.04.183
https://doi.org/10.1016/J.IJBIOMAC.2020.12.011
https://doi.org/10.1016/J.IJBIOMAC.2020.12.011
https://doi.org/10.1021/acssuschemeng.0c03385
https://doi.org/10.1021/acssuschemeng.0c03385
https://doi.org/10.1016/j.addma.2019.04.013
https://doi.org/10.1016/j.addma.2019.04.013
https://doi.org/10.1039/C7NR08966J
https://doi.org/10.1039/C7NR08966J
https://doi.org/10.1021/acs.langmuir.1c01881
https://doi.org/10.1021/acs.langmuir.1c01881
https://doi.org/10.1002/polb.24610
https://doi.org/10.1002/pen.25336
https://doi.org/10.1002/pen.25336
https://doi.org/10.1016/j.compscitech.2022.109601
https://doi.org/10.1021/acsabm.1c00970
https://doi.org/10.1002/pi.6298
https://doi.org/10.1016/j.carbpol.2020.117217
https://doi.org/10.3390/polym13213614
https://doi.org/10.1021/acsami.2c21680


International Journal of Biological Macromolecules 251 (2023) 126287

27

[318] P.C. Shanto, S. Park, M. Park, B.-T. Lee, Physico-biological evaluation of 3D 
printed dECM/TOCN/alginate hydrogel based scaffolds for cartilage tissue 
regeneration, Biomater. Adv. 145 (2023), 213239, https://doi.org/10.1016/j. 
bioadv.2022.213239. 

[319] Y. Jiang, et al., Dialdehyde cellulose nanocrystal/gelatin hydrogel optimized for 
3D printing applications, J. Mater. Sci. 53 (16) (2018) 11883–11900, https://doi. 
org/10.1007/s10853-018-2407-0. 

[320] P.A. Mercadal, M.R. Romero, M. del M. Montesinos, J.P. Real, M.L. Picchio, 
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