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Additive Manufacturing with Cellulose-Based Composites:
Materials, Modeling, and Applications

Shuvodeep De, Shalini J. Rukmani, Xianhui Zhao,* Caitlyn Clarkson, Frederic Vautard,
Samarthya Bhagia, Monojoy Goswami, Shuyang Zhang, Sana F. Elyas, Wei Zhao,
Jeremy C. Smith, Arthur J. Ragauskas, Soydan Ozcan, Halil Tekinalp,* Muqing Si,
Jinrui Huang, and Ximin He*

Recent advances in large-scale additive manufacturing (AM) with polymer-
based composites have enabled efficient production of high-performance
materials. Cellulose nanomaterials (CNMs) have emerged as bio-based feed-
stocks due to their exceptional strength and sustainability. However, challenges
such as hornification and poor dispersion in polymer matrices still limit large-
scale CNM–polymer composite manufacturing, requiring novel strategies.
This review outlines an approach starting with atomic-level simulations to link
molecular composition to key parameters like bulk density, viscosity, and mod-
ulus. These simulations provide data for finite element analysis (FEA), which
informs large-scale experiments and reduces the need for extensive trials. The
strategy explores how atomic interactions impact the morphology, adhesion,
and mechanical properties of CNM-based composites in AM processes. The
review also discusses current developments in AM, along with predictions of
mechanical and thermal properties for structural applications, packaging, flex-
ible electronics, and hydrogel scaffolds. By integrating experimental findings
with molecular dynamics (MD) simulations and finite element modeling (FEM),
valuable insights for material design, process optimization, and performance
enhancement in CNM-based AM are provided to address ongoing challenges.
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1. Introduction

AM, known colloquially as 3D printing, is
a computer-aided suite of techniques in
which items are fabricated by filling ma-
terials in a 3D design space, usually layer
by layer.[1] AM technology has developed
rapidly in recent years because of the speed,
reduction in process waste, reduction in
energy consumption, and low cost that it
offers.[2,3] AM can be used with metals,
ceramics, polymers, and polymer-based
composites.[4,5] The technique mainly
employs fused filament fabrication/melt
extrusion deposition, digital light pro-
cessing, and direct ink writing.[6] For
polymer-based AM approaches, extrusion-
based large-scale AM is ≈200 times faster
than conventional desktop 3D printing.

AM has the advantage of enabling the
production of complex geometries without
the need for special jigs, devices, or tools.[7]

However, many process variables (e.g.,
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temperature, speed, nozzle size, layer height, wall thickness)
must be optimized. A particular challenge for the AM process is
the control of the resolution and the microstructure. For polymer-
based composites in particular, adhesion between the deposited
layers is pivotal in determining their mechanical strength and in-
tegrity under service performance where the material is subjected
to different types of loading.

There has been a growing need to develop sustainable solu-
tions for large-scale and high-performance applications such as
housing and construction, aerospace, and structural units such
as bridges to provide carbon-neutral alternatives that minimize
health, environment, and safety risks. A largely untapped market
has consequently appeared for AM with bio-based polymers or
composites.[2] Of particular interest in this regard is cellulose, the
world’s most abundant biopolymer, which can be derived from
plant-based lignocellulosic biomass and possesses remarkable
mechanical properties.[8] Cellulose has a complex hierarchical
structure with different levels of organization across length scales
ranging from sub-nanometer to several millimeters, while CNM
specifically have at least one dimension on the order of nanome-
ters. CNMs can be used effectively to enhance the mechanical
performance of polymer resins as fillers compared to other re-
inforcing nanomaterials—including carbon nanotubes, ceramic
nanoparticles, and metal nanoparticles—and, moreover, are non-
toxic, biodegradable, renewable, and less energy-intensive during
production.[9]

CNMs can be broadly classified into cellulose nanofibers
(CNFs) and cellulose nanocrystals (CNCs, also known as
nanowhiskers). CNFs and CNCs have a high elastic modulus
along the fiber axis comparable to that of traditional reinforcing
materials such as glass fibers and Kevlar.[10–12] Moreover, their
specific modulus (i.e., the modulus to density ratio) is higher
(65 J g−1 for nanocellulose) than that of structural reinforc-
ing materials such as steel (25 J g−1), making them attractive
for light-weight structural applications.[13–15] The morphologies,
high aspect ratios, and excellent mechanical properties of CNMs
make them highly suitable as reinforcing materials for high-
performance composite applications using a large-scale manu-
facturing technique such as AM. Other properties that make
CNMs suitable for high-performance applications include their
large specific surface area, high thermal resistance, the abun-
dance of hydroxyl groups suitable to form composites with chem-
ical bonding, and cost, as they can be sourced easily from
plant biomass.[16–20] Recently, researchers produced CNFs from
biomass feedstocks (such as plants and algae) by grinding the
materials and removing hemicellulose and lignin, from food
waste, and from old corrugated containers such as recycled
cardboard.[17,21,22]
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CNM–polymer composites have been manufactured, includ-
ing CNM–polypropylene, CNM–polylactic acid (PLA), and CNM–
high-density polyethylene (HDPE).[21,23] However, there are sev-
eral challenges involved in both the material design and process-
ing of CNM-based nanocomposites. Due to their hydrophilic na-
ture, CNFs are typically found solvated in water that needs to be
removed (i.e., dewatering) prior to melt-mixing CNF with poly-
mers to make composite materials. Unfortunately, the removal
of water causes irreversible aggregation of CNMs, called horni-
fication, which results in them being transported as dilute solu-
tions, thereby significantly increasing the transportation costs of
bulk materials. Another challenge is an incompatibility of the hy-
drophilic CNF with mostly hydrophobic common polymer resins
and thermoplastics such as PLA, PP, and polyethylene terephtha-
late glycol (PETG). This incompatibility leads to poor distribu-
tion of CNMs in the composite leading to weak interfaces, which
further affect the matrix-filler load transfer and act as points of
failure. The hydrophilic surfaces of CNMs further result in the
aggregation of cellulose nanoparticles (CNPs) in polymer resins,
which results in a decrease in mechanical strength.[18] While the
above challenges are predominantly associated with material de-
sign on a microscopic level, the macroscopic rheological behav-
ior of CNM-based nanocomposites influences the 3D printing
process and service performance of these materials significantly,
requiring optimization of both process parameters and evaluat-
ing bulk properties rigorously. Viscosity, shear thinning behavior,
gelation, fluid flow, CNM fiber alignment, and entanglement ef-
fects of cellulose and polymer chains, affect the efficacy of extru-
sion and deposition during 3D printing.

Several solutions have been proposed and developed over the
years to overcome different facets of these challenges, includ-
ing better drying methods, improved fibrillation techniques, use
of co-solvents/binders/additives/chemically modified CNMs, ad-
vancements in AM processes to incorporate 3D printing of CNM-
based materials.[22,24,25] Computational studies have helped both
to deepen the understanding of these challenges on a molecu-
lar scale and provided design and optimization of specific CNM-
based materials. However, informed modeling spanning multi-
ple techniques and length scales using both high-performance
computing and previously available literature data can reduce
the otherwise laborious experimental trial and error to optimize
nanocomposite properties and 3D printing process parameters.
On this front, previous review articles have focused on present-
ing individual advancements in material design and manufac-
turing of pure CNM and CNM-based nanocomposites. However,
to our knowledge, no review article has put together key findings
from the state-of-the-art and advancing 3D printing experimental
techniques for CNMs and computational modeling approaches
that address some of the challenges common to manufactur-
ing of CNM nanocomposites that apply to 3D printing. Further,
our review gives a perspective of how a synergistic experimental-
modeling approach can both drive and augment the de-
sign and manufacturing of CNM-based nanocomposites on
pilot-to-large-scales.

The article begins by introducing the CNM molecular struc-
ture and hierarchical organization in solid-state and in solu-
tion, water organization, CNM-solvent, and CNM-polymer in-
terfacial properties obtained from experiments. We then delve
into modeling techniques at multiple lengths and time scales
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Figure 1. Cellulose organization at multiple levels showing a) a single polysaccharide cellulose chain with DP = 20, b) an 18-chain fibril, c) A CNF
composed of 7 fibrils packed in a hexagonal arrangement with an initial inter-fibril spacing of 11 Å, d) and e) 2 CNFs with an inter-fiber spacing of 𝜉.

that provide an understanding of both materials design and pro-
cess optimization: 1) MD simulations outlining fundamental
CNM-solvent/CNM-polymer interactions, and strategies to im-
prove nanocomposite properties such as CNM surface modifica-
tions, drying, and the use of co-solvents 2) FEM focusing on the
optimization of parameters for 3D printing of these composites
and evaluating their mechanical behavior. A proposed method is
then provided for integrating experiments and various modeling
approaches to devise a future strategy where synergistic model-
ing and experimental methods can be used successfully to 3D
print CNM-based nanocomposites. We finally discuss relevant
applications where 3D printed CNM-based nanocomposites have
delivered a promising performance, such as high-strength struc-
tures such as buildings and bridges, advanced food packaging,
flexible electronics, innovative microfluidic devices, and hydro-
gel scaffolds for biomedicine where our design principles can be
applied. Our conclusions summarize the key findings from the
literature and our original research, offering a forward-looking
perspective on future trends in the design and manufacturing
of AM for CNM-based materials. This review will serve as a use-
ful resource for research in CNM-based nanomaterial design and
nanotechnology process advances in additive manufacturing.

2. Molecular Structure and Properties of CNMs in
Solid State and Solution

2.1. Hierarchical CNM Organization and Associated Molecular
Interactions

Cellulose is a semicrystalline polymer with regions of high crys-
tallinity separated by amorphous regions. It exists in different
polymorphs, I, II, and III,[26,27] among which I𝛽 is the most
commonly used in biofuels and nanocomposites because higher
plants are rich in I𝛽 fraction relative to I𝛼.[16,26,27] Cellulose chains
contain 𝛽(1,4) linked D-glucose monomers (Figure 1A) as re-
peating units, and several individual cellulose chains together
make up a microfibril or a nanofibril. The terms “microfibril”
and “nanofibril” have been (confusingly) interchangeably used
over the years by researchers. The term “microfibril” has been
used historically to indicate the basic unit that can be isolated
from the cell wall and does not reflect the actual length scale
of these fibrils, which are ≈3 nm in diameter and several mi-

crometers in length. In the sections below, we call this basic unit
a nanofibril. A nanofibril composed of 36 cellulose chains was
commonly considered to be the fundamental unit in plant cell
walls,[28] but in recent years, experimental, and modeling studies
have shown evidence that the nanofibril exists as an 18-chain unit
rather than one of 36, as shown in Figure 1B.[29,30] Nevertheless,
nanofibrils with 18, 36, or 24 chains have been used in studies
by researchers. Both CNFs and CNCs contain several nanofibrils
that are bundled together: Figure 1C shows an atomistic MD sim-
ulation model (which is discussed in-depth later in this article)
of a bundle composed of seven nanofibrils. CNCs have needle-
like morphologies as a result of the removal of amorphous frag-
ments via acid hydrolysis, and they have dimensions of 5–20 nm
in diameter and 100–600 nm in length. CNFs, on the other hand,
present a flexible, fiber-like structure with a diameter of 5–200
nm and lengths > 1 μm, consisting of both crystalline and amor-
phous regions. The morphologies and dimensions of CNFs are
highly dependent on the extent of fibrillation and pretreatment
strategies. In the literature, CNFs and CNCs are roughly demar-
cated by an aspect ratio (l/d) cutoff of 50, where CNFs have aspect
ratios ≥50 and CNCs have aspect ratios <50.

Cellulose displays complex interactions, including hydrogen
bonding, electrostatic, and van der Waals effects, at its various
levels of organization. The glucan monomers in cellulose chains
contain hydroxyl groups that are equatorially positioned and can
form several intra-chain and inter-chain hydrogen bonds (shown
in Figure 2), including bonds between the C3 hydroxyl group and
the ring oxygen (O3-H⋯O5) and between the OH groups on C2
and C6 (O2H2⋯O6 or O6H6⋯O2). Although hydrogen bond-
ing interactions are important in cellulose, their importance in
explaining physical and mechanical properties has perhaps been
overstated in the literature. For example, vibrational spectroscopy
and quantum chemical density functional theory (DFT) simu-
lations have shown that London dispersion (attractive van der
Waals) forces contribute 50–70% of the total cohesive interaction
in cellulose,[31] playing a major role in, for example, its high ax-
ial stiffness, insolubility in water, and anisotropy in thermal and
mechanical properties.

The elastic modulus of highly crystalline cellulose along the
axial direction (i.e., along the fiber axis) was found to be 134
GPa,[33,34] whereas for fibers derived from wood, the elastic mod-
ulus is lower, roughly between 20–50 GPa,[8,32] probably due to

Adv. Funct. Mater. 2024, 2414222 © 2024 Wiley-VCH GmbH2414222 (3 of 31)

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202414222 by U
niversity O

f C
alifornia, L

os, W
iley O

nline L
ibrary on [31/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 2. Structure of cellulose showing a) intrachain and b) interchain hydrogen bonding between the hydroxyl groups present on glucan units. The
O5’-C1’-O4-C4 (𝜑) and C1’-O4-C4-C3 (𝜓) dihedral angles are also shown in (a) for the reader to visualize how the change in conformations can change
the intrachain hydrogen bonds. Adapted under the terms of the CC-BY-4.0 license.[32] Copyright 2021, Springer Nature.

the presence of amorphous regions and defects. The change in
crystallinity and dimensions plays a role in determining mod-
uli. For example, the use of polyethylene oxide (PEO)–reinforced
composites with CNC fillers was found to result in higher
Young’s modulus than CNF fillers for the same reinforcement
percentage.[35] This can be attributed to the CNFs containing both
crystalline and amorphous regions (the degree of crystallinity can
vary according to pretreatment and fibrillation method), whereas
CNCs contain only crystalline segments. Both CNCs and highly
crystalline CNFs along the axis modulus show comparable or su-
perior mechanical strength (elastic modulus ≈150 GPa) to that of
other reinforcing materials in composites such as Kevlar (≈110
GPa) and steel (200 GPa).[10–12] MD simulation studies deter-
mined that even though removing the intramolecular hydrogen
bonds in cellulose reduced its modulus by 15–20%, a major con-
tribution also came from covalent bonds, angle, and dihedral
components, and, again, strong dispersion interactions.[36,37] Co-
operative hydrogen bonding schemes along the glucan chains
have also been proposed from neutron scattering, and this could
be a further factor in strengthening axial intramolecular interac-
tions and increasing the elastic modulus in the axial direction.
The modulus of cellulose in the transverse direction is lower
than it is in the axial direction, and non-covalent interactions
are more important in this direction; DFT studies have shown
increased dispersion interaction contributions in the transverse
direction.[38] It is also important to note here that several of these
interactions are interdependent, and it is non-trivial to theoreti-
cally isolate the effects of inter-chain hydrogen bonds and modify
them, as changing hydrogen bond donors or acceptors in the cel-
lulose chains influences other parameters such as chain stacking
and charge distribution, thereby influencing the relative magni-
tudes of interaction types.

2.2. Water Organization around CNMs

Aggregation (also called agglomeration or hornification) has of-
ten been thought to be caused by irreversible hydrogen bond
formation between fibers on the surface, although it was orig-
inally coined to define the decrease in water retention value
(WRV) relative to the original value.[39,40] Aggregation includes

both physical and chemical changes that occur during drying—
including shrinkage and closure of voids—and structural reorga-
nization caused by various forces, including long-range capillary
forces, hydrogen bond formation, and dispersion forces. In this
regard, water organization around CNMs has been the subject
of extensive study by various experimental and computational
researchers.[32,37,41–45] The types of water in CNMs are gener-
ally classified into free, freezing-bound, and non-freezing-bound
fractions as initially based on differential scanning calorimetry
(DSC) melting and cooling curves and have been followed since
then.[40] Furthermore, pore waters refer to water that occupies
pores in the inter-fiber spaces and disordered regions and can
comprise both free and bound waters. Whereas free waters have
the same crystallization temperature as bulk water (peak I in
Figure 3a), freezing-bound water has a relatively lower crystal-
lization temperature (peak II in Figure 3a) indicative of water
confinement in the cellulose structure. The difference between
the sum of weights of water calculated from peaks I and II and
the total water content is called non-freezing-bound water. The
phase transition of non-freezing-bound water is not detectable as
a first-order transition in DSC curves, and it is considered tightly
bound to cellulose and the hardest to remove.

Although several indirect experimental correlations have been
made to deduce water type, a direct method to distinguish freez-
ing and non-freezing water has proven elusive. Recent work
using 2H NMR and 1H NMR methods has identified mobile
and immobile water sub-populations and proposed that the im-
mobile and mobile water populations are present on the inter-
fiber surfaces and inter-fibril surfaces, respectively, within a fiber
(Figure 3b).[40,46,47] The water uptake of fibers has also been corre-
lated with the degree of crystallinity in several works, often asso-
ciating higher water contents with increased disordered regions
in cellulose.[40,48–50]

3. Multiscale Computational Modeling of CNM in
Solvents and CNM-polymer Nanocomposites for
3D Printing

Complementing experimental efforts to overcome CNM aggre-
gation in solution and nanocomposites and to improve the
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Figure 3. a) DSC curves of water adsorbed on various cellulose samples with heating and cooling rates of 8 K min−1. Dashed lines (– – –) denote pure
water, and solid lines (—) denote adsorbed water. Adapted with permission.[39] Copyright 1981, SAGE Publications Inc. b) Elucidation of mobile (blue)
and immobile (red) water fractions around cellulose nanofibrils from the difference in the 2H magic angle spinning (MAS) NMR spectra between the
hydrated and re-dried samples. The high-intensity central peak (blue) denotes mobile water fraction before drying, and the broad peak (shaded in pink)
denotes immobile water fraction after re-drying. Adapted with permission.[40] Copyright 1999, Royal Society of Chemistry.

stability of CNM-polymer interfaces, simulations at multiple
length scales have provided insight into several factors that in-
clude the fundamental forces driving CNM aggregation and
matrix-filler adhesion to predict long timescale dynamic prop-
erties, macroscopic flow parameters, and mechanical behavior
of nanocomposites.[42,45,50–52] The insights obtained from these
studies have contributed toward producing dispersed CNMs as
AM feedstocks, improving AM processes, and mechanical evalu-
ation of 3D printed nanocomposites.

Ab initio methods, including quantum-mechanical and DFT
calculations, have provided an in-depth understanding of the
structure and geometry, local charge environment of smaller
glucan units/cellulose, and polymer chains in solution provid-
ing a backbone for the development of MD force fields.[53–57]

DFT-based studies have also investigated the optoelectronic prop-
erties of conductive CNM-polymer nanocomposites.[58–60] How-
ever, in the context of CNM aggregation dynamics and polymer
matrix compatibility for 3D printing in this review, we will not
be discussing these methods in detail and will focus on findings
from MD simulations and continuum modeling. Atomistic MD
simulations have focused on understanding the effects of com-
peting cellulose-cellulose versus cellulose-solvent interactions at
various hierarchical levels and nanofibril and fiber conforma-
tional changes on CNM aggregation.[32,41,61–67] The free energy
barriers of inter-fibril contacts between varying cellulose sur-
faces (hydrophobic vs hydrophilic), and native versus surface-
modified fibrils have also been studied to predict chemically
modified CNMs with reduced aggregation.[64,68,69] The interfa-
cial structure distribution and mechanical strength of CNM-
polymer nanocomposites have also been evaluated to improve
CNM-polymer adhesion.[70–75] Coarse-grained (CG) simulations
have been used to compute long time-scale dynamic properties
on experimentally relevant timescales that include self-assembly
of cellulose chains and bundles in solution, interfacial behav-
ior, solvent evaporation, and phase ordering in specific classes
of CNMs such as CNCs.[75–86] Continuum-level modeling in-
cludes mesoscale models, mainly FEM that has focused on eval-
uating macroscopic thermomechanical properties under differ-
ent loading conditions and flow behavior in CNMs.[87–90] Below

we outline a few important standalone simulation studies and
combined experimental-simulation ones highlighting their main
findings and later discuss how they can be utilized in the future
for a synergistic experiment-multi-scale modeling to advance 3D
printing of CNM-based materials.

3.1. Addressing CNM Aggregation Using Solvents and Surface
Modifications

3.1.1. Thermodynamics of CNM Aggregation, Water Organization,
and Self-assembly

One of the earliest CNM fiber studies on biomass pretreatment
was performed by Langan et al.[50,62] at elevated temperatures
(≈60–200 °C) where from small-angle neutron scattering and X-
ray fiber diffraction experiments they observed nanofibril aggre-
gation (Figure 4a) and an increase in crystalline domain sizes.
MD simulations congruently showed fiber coalescence (aggre-
gation) with an irreversible release into the bulk of inter-fibril
(core) H2O molecules at 160 °C. The core H2O molecules formed
stronger hydrogen bonds yet had a significantly lower rotational
and translational entropy (ΔS) at 25 °C than bulk water indicat-
ing that inter-fibril hydration was enthalpically favored and en-
tropically not favored. Upon increase in temperature to 160 °C,
the core water hydrogen-bond interactions weaken due to an in-
creased entropic penalty for confinement driving their release.
Wohlert and co-workers[66] compared the dynamic relaxation be-
havior of cellulose chains in a fiber bundle in solution at 25 °C to
experimental 13C NMR spectra to quantify fibril regions based
on their accessibility to water molecules. They discovered the
role of hydroxymethyl conformational changes in varying relax-
ation behavior for the accessible and core regions. In a follow-
up,[61] they calculated the Helmholtz free energy for transferring
water molecules from the outer layer to inter-fibril spaces in a
bundle (ΔF = ΔE − TΔS). ΔE was obtained from the difference
in the MD potential energies between the native (hydrated fib-
rils) and fused states (aggregated fibrils) (Figure 4c) while the
entropy term (ΔS) was estimated based on previously known
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Figure 4. a) MD simulations from Langan et al.[50,62] showing the molecular organization of cellulose nanofibrils during steam explosion pretreatment
(SEP). Before aqueous pretreatment, cellulose nanofibrils (green) are separated by layers of hydration H2O (blue background), which is ordered relative
to the bulk but disorders the cellulose surface (see inset with hydrogen bonds shown in blue, H in white, and O in red). At high temperatures, the entropic
penalty of confining the hydration H2O becomes too large, leading to its release. As a result, the cellulose fibrils coalesce to form a larger bundle. Adapted
with permission.[62] Copyright 2018, Springer Nature. b) MD simulations with crystalline cellulose nanofibrils (green and violet) and six loose cellulose
chains to mimic disordered regions (red) at 293 K first in vacuum followed by in solution. The surface water molecules (orange) are shown to be located
mostly on the periphery of the fibrils, while a few diffuse into the bundle. Adapted under the terms of the CC-BY-4.0 license.[63] Copyright 2019, Springer
Nature. c) The two states corresponding to hydrated and fused nanofibrils used by Chen et al.[61] to compute potential energies and entropy for water
transfer from the outer shell to the inter-fibril core. Adapted under the terms of the CC-BY-4.0 license.[61] Copyright 2022, American Chemical Society.
d) Twisting of a CNM bundle during 200 ns of all-atom MD simulations along with the plot that shows an increased twist rate for surface-modified
CNMs with OSO3− groups and Na+/Ca2+ counterions (SCNC/M+) compared to native CNM (NCNC). Adapted with permission.[64] Copyright 2020,
American Chemical Society.

values of molar entropy of fusion (ΔSfusion) for water and differen-
tial change of entropy for water adsorption to cellulose (ΔΔSvapor).
They obtained conservative estimates for ΔF ranging from ≈1 to
5 kcal mol−1 indicating that water transfer to the core was thermo-
dynamically favorable at 25 °C. Paajanen and coworkers[63] com-
pared the core and outer solvation shells for a cellulose bundle
(Figure 4b) obtained from simulations at 25 °C to the freezing
and non-freezing bound water contents measured from the melt-
ing DSC curves for bleached hardwood pulp. They also found the
hydroxymethyl group conformational changes were important in
introducing changes to the hierarchical structure producing a
mismatch in the nanofibril versus bundle twist rates and con-
cluded that this mismatch allowed water diffusion into the core.
Zozoulenko and co-workers[64] similarly observed a positive cor-
relation between fibril/bundle twist and inter-fibril aggregation

in native and surface-modified fiber bundles where an increased
degree of individual nanofibril and fiber twist resulted in an in-
crease in inter-fibril gap (Figure 4d). The role of water molecules
in nanofibril deformation and fibril-fibril interfacial strength has
also been investigated using MD simulations.[65,67,91] Keten and
coworkers[65] found that the tensile separation of fibril-fibril in-
terfaces is less affected by the presence of water molecules com-
pared to separation by shear. They further showed that the work
of adhesion for shear separation was greater for the hydropho-
bic (200) than the hydrophilic (110) face. The interfacial behav-
ior effects are attributed to water-water interactions competing
with cellulose-water interactions which vary significantly depend-
ing on the hydrophobicity of the cellulose faces. Further work
focusing on the 200 surfaces at varying interfacial water num-
bers and temperatures (298–350 K) showed that the shear work

Adv. Funct. Mater. 2024, 2414222 © 2024 Wiley-VCH GmbH2414222 (6 of 31)
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showed a maximum moisture content (0.75% by weight) with
varying water contents at different temperatures.[91] It was de-
duced that water at lower weight percentages acted as a “binder”
providing a medium for improving inter-fibril interactions and
consequently the interfacial strength. With a further increase in
weight %, water functioned as a “lubricant” allowing an increase
in inter-fibril gap and a decrease in interfacial strength. Drying
MD simulations of wet inter-fibril interface showed a bending
deformation of fibrils; the drying process elucidated the surface
tension of the interfacial waters that created a concave meniscus
during evaporation due to strong cellulose-water interactions ac-
companied by increased fibril-fibril adhesion.[67] Overall, these
studies shed light on glucan chain conformations, inter-CNM
and CNM-solvent hydrogen bonding dynamics, thermodynamic
forces governing inter-fibril solvation and aggregation, drying
mechanisms, and interfacial adhesion between fibrils at ambient
and elevated temperatures.

Several cellulose CG models have been developed with a fo-
cus on understanding the crystalline mechanical properties and
their conformational dynamics in solution. The most commonly
used forcefield is MARTINI[76,77] which was parametrized and
validated using experimental crystal lattice parameters, X-Ray
and neutron-scattering data, elastic modulus, and water-octanol
partitioning coefficients. MARTINI forcefields generally follow a
mapping scheme of atoms: CG beads in the 4:1/3:1 ratio. MAR-
TINI v3.0 force fields for cellulose improve upon the solubility,
propensity for self-chain interactions, and native and surface-
modified cellulose-ion interactions which were otherwise over-
estimated in MARTINI v2.0.[77–80] Other CG models have also
focused on reproducing hydrogen bonding patterns in cellulose
to predict assembly on longer time-scales for native and surface-
modified cellulose fibrils, and the mechanical behavior of cellu-
lose nanopaper which is on a much larger length scale.[81,82] Zo-
zoulenko and coworkers developed supra-coarse-grained models
that expand beyond the existing CG approaches in investigating
the microsecond dynamics of crystalline CNCs.[83,84] These mod-
els with an implicit solvent approach can capture chiral nematic
phase ordering, solvent evaporation, and formation of defects in
CNCs.

Together, these studies provide a backbone to predict chemi-
cal modifications to surface hydroxyl groups, co-solvents with fa-
vorable physicochemical properties to interact with cellulose sur-
faces, and oligomers/molecules that physically interact with the
cellulose surfaces to change their hydrophobicity. Their findings
can be used to improve CNM properties for their better utiliza-
tion as AM feedstocks.

3.1.2. Surface-Modified CNMs

Chemical modifications of the hydroxyl groups on glucan chains
in CNMs have been explored computationally in solvents to over-
come aggregation. The free energy cost for separation of 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO)-oxidized nanofib-
rils simulated by Paajanen and coworkers[69,92] decreased signif-
icantly with increased percent conversion of hydroxymethyl (C6)
OH groups to COO− (Figure 5) which was associated with a de-
creased in inter-fibril hydrogen bonding for the modified sys-
tems compared to native cellulose fibrils (Figure 5b). Zozoulenko

and co-workers[64] calculated potential mean force (PMFs) for the
separation of OSO3

− and COO− modified fibrils with Na+ and
Ca2+ counterions for different faces in contact (hydrophobic vs
hydrophilic). They further compared the inter-fibril gap for 7-
nanofibril bundles of these chemically modified CNM systems
(Figure 4d) in solution, with a native system. The separation free
energy was reduced, and the inter-fibril gap increased for the
OSO3

− and COO−-modified systems compared to native CNMs
with the reduction in aggregation being better for Na+ compared
to Ca2+ counter-ions. MARTINI-based CG MD simulations from
the same group computed PMFs for TEMPO-oxidized and na-
tive CNMs reproducing atomistic simulations and adjusted the
MARTINI parameters to reproduce native and charged cellulose
interactions with ionic moieties NaCl.[79] They further provided a
modular mapping framework for incorporating different surface
modifications to cellulose surfaces that can be explored using less
computationally intensive simulations.

Wohlert and coworkers[68] used thermodynamic integration
and umbrella sampling methods to calculate the work of adhe-
sion of separating acetylated versus native fibrils in solution from
free energies between aggregated and dispersed states. They ob-
served that the acetylated systems showed a reduced free energy
barrier to remain dispersed compared to native fibrils in solution.
Other simulations have also explored the effect of chemical modi-
fications mainly COO− and acetylated C6 hydroxyl groups on sol-
vents and provided insights on electrostatic and van der Waals in-
teractions that contribute to increased fibril-fibril repulsion.[45,93]

What is yet to be explored in detail is how design principles can
be derived from modeling and experiments to identify specific
chemical modifications that can improve compatibility with the
commonly used thermoplastic polymer matrices for 3D printing
such as PLA, PP, Nylon, acrylonitrile butadiene styrene (ABS)
and PETG.

3.1.3. Co-solvent Driven Strategies

Exploiting the nature of different interacting cellulose faces in so-
lution, alternate solvents and co-solvent systems have been inves-
tigated to manipulate cellulose structures in the context of both
biomass pretreatment and biomaterials for 3D printing.[45,94–99]

Sridhar et al.[45] performed wetting simulations for native and
acetylated cellulose in solvents including water, hexane, ethanol,
toluene, formamide, acetone, nitrobenzene, and dimethyl sul-
foxide and found that the changing surface hydrophobicity did
not reverse the affinities for water and other non-polar solvents.
Smith and colleagues[95] showed that THF–H2O mixtures ex-
hibited significantly variable phase separation behavior at the
hydrophobic and hydrophilic interfaces facilitating cellulose de-
construction (Figure 6). It was hypothesized that for an organic
solvent to be effective in facilitating cellulose deconstruction,
it must compete with cellulose for its hydrogen bonds as well
as displace its hydrophobic stacking interactions.[94,95] MD sim-
ulations have also been performed to understand the interac-
tions between cellulose fibrils/chains with other solvents, such
as NaOH/urea/water mixtures and ionic liquids (ILs).[97,100–103]

These simulations have shown that cellulose chains disperse at
ambient temperatures in NaOH-urea-water and mostly at ele-
vated temperatures (400–450 K) in ILs. Most of these simulations
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Figure 5. Umbrella sampling MD simulations of two TEMPO-oxidized nanofibrils: a) snapshots illustrating the pulling of fibrils toward each other at a
constant rate of 0.01 nm ps−1, displaying the distances, d, at different time intervals, b) increase in hydrogen bonds between the fibrils shown in (a) as
a function of decreasing center-of-mass distances between fibrils, and c) free energy of separation of the fibrils shown in (a) with five curves denoting
different functionalization levels of the fibrils (in terms of number of carboxylate groups substituted for C6 hydroxyl groups, 0 being the native CNF and
200 being 100% substitution). Adapted with permission.[69] Copyright 2022, American Chemical Society.

Figure 6. a) Excess SANS scattering of contrast-matched cellulose fibril in a THF-D2O/ H2O cosolvent minus the scattering of contrast-matched cellulose
in D2O, obtained from the experiment (symbols) and simulations (line). b) Surfaces of cellulose fiber are classified as non-polar (red) and polar (blue).
c,d) Isosurfaces in which THF (orange) concentration is 3× higher than bulk, viewed perpendicular (c) and parallel (d) to the fiber axis. Cellulose is
shown in green. Adapted under the terms of the CC-BY-NC-ND 4.0 license.[105] Copyright 2020, National Academy of Sciences – Biactive Work; National
Academy of Sciences; Sdu; Birkhäuser Boston; Proceedings Of The National Academy Of Sciences.
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to our knowledge have been performed on single nanofibrils or
nanofibril-solvent interfaces that do not give us a direct under-
standing of their performance in inter-fibril or inter-CNM aggre-
gation. Recent work by Liu et al.[104] computationally screened a
set of 40 solvents that reduce inter-fibril contacts in a CNM bun-
dle. They found that co-solvent mixtures containing hydrogen
bond acceptor and donor moieties in conjunction with water such
as gamma-Valerolactone (GVL)/NaOH-urea increased inter-fibril
separation in a CNF (CNC) relative to neat water. Their pilot-scale
experiments consistently showed a significantly reduced energy
consumption during fibrillation for NaOH-urea-water by ≈21%
compared to pure water. Although CG force fields have been de-
veloped to represent assembly in solution and solid-state prop-
erties, one that accurately predicts cellulose interactions with a
diverse set of solvents (i.e., varying dominant interaction types
such as van der Waals, hydrogen bonding, and electrostatic in-
teractions) has not been explored to our knowledge. Existing CG
models can be tested and improved by using both experimen-
tal and all-atom data on cellulose and solvent simulations. MAR-
TINI v3.0 base models, for example, with parameters for various
solvents including the traditional organic solvents, DES, and ILs
can be tested and further optimized for predicting dispersion in
a quick manner for systems closer to experimental length scales.

While the above simulation studies have given a few viable sol-
vents for improving CNM dispersion, there exists a tremendous
scope to develop a faster, large-scale computational approach
to produce dispersed CNMs as AM feedstocks. MD-computed
quantities for quantifying inter-fibril/inter-CNF contacts and en-
ergies from atomistic and CG simulations can be combined with
thermodynamic (COSMO-RS)[106–108] models that can screen for
solvents with better physicochemical properties such as low sur-
face tension, low viscosity and better hydrogen bond participating
capabilities. CNF contacts, energetics, and solvent properties can
then be used to train machine-learning models to predict solvents
that improve CNM dispersion.

3.2. CNF-Polymer Interfacial Structure, Adhesion, and
Mechanical Behavior

MD simulation literature on CNM-based bionanocomposites is
in general scarce, while the number of works focused on biopoly-
mers used in 3D printing is even lower. Further, due to computer
power limitations, most investigations have often used simple
CNM units such as a nanofibrils.[70–74,92,109–114] The key goal re-
mains to design CNM-polymer composites with optimal inter-
facial strength and mechanical properties and to thus improve
manufacturing processes in an iterative and less cumbersome
manner. As most thermoplastic polymers are hydrophobic, ex-
cluding a few with polar groups such as poly(3-hydroxybutyrate)
(P3HB), polyoxymethylene (POM), and polyetherimide (PEI), it
is difficult to design cellulose chemical surface modifications or
physically interacting oligomers that can improve matrix-filler
compatibility without compromising the elastic modulus.

Mottonen et al.[71] found an increase in modulus for cellulose–
PP composites (Figure 7a) with an increase in the fraction of cel-
lulose reinforcement (Young’s modulus shown in Figure 7b) for a
constant strain rate. The authors further investigated these com-
posites in the presence of MAH as a coupling agent. MAH was

first connected to a 50-mer PP chain, which was then covalently
linked to the C6-OH group to form an ester, and a varying per-
centage of these chains was grafted to the cellulose fibrils. While
the authors report that introducing MAH showed a minor in-
crease in modulus (≈10% compared to native cellulose–PP), they
acknowledge that their bonding methodology needs careful con-
sideration. Glova et al.[70] designed PLA–CNC nanocomposites in
which the CNCs were modified by grafting lactic acid oligomers
on the C6 OH groups (Figure 7c) and found that the modulus
did not vary significantly with change in percentage grafting, in
contrast to experimental results (Figure 7d). The authors suggest
that the difference could be due to the MD simulations being un-
able to capture long-timescale dynamics that could result in ag-
gregation of cellulose. Ren et al.[70,73,115,116] studied nanocompos-
ites containing amorphous cellulose and PLA and evaluated the
tensile modulus, free volume, and distribution of intermolecular
energies during deformation. Whereas the mechanical proper-
ties showed improvement upon incorporation of cellulose, the in-
terface between PLA and cellulose weakened with increasing cel-
lulose percentage, as cellulose–cellulose interactions increased
to a greater extent than did the cellulose–PLA interactions
(Figure 8).

Studies not limited to common thermoplastic CNM-
composites used for 3D printing can still be used to develop
robust multi-scale methodologies to understand and predict
interfacial, physical, and mechanical properties. Zozoulenko
and coworkers performed a combined experimental and all-
atom simulation study of matrix-mediated stress transfer in
poly(ethylene-stat-sodium acrylate)-CNC (OSO3−/COO− mod-
ified) nanocomposites. The authors showed that preferential
cellulose-polymer interactions (over cellulose-cellulose interac-
tions) through electrostatics and hydrogen bonding facilitated ef-
ficient stress transfer in the composite, maintaining the interface
and mechanical strength. Keten and co-workers[75,117] developed
both atomistic and CG models for CNC- and amorphous-
cellulose-PMMA nanocomposites. They showed that the order
of cellulose structures (CNC vs amorphous cellulose) impacts
the packing of matrix polymer chains around cellulose and
consequently cellulose-polymer interactions improving work
of adhesion for amorphous systems. They further captured the
positive effects of TEMPO-oxidation of CNCs on tuning glass-
transition temperature under low and high reinforcement % and
the associated interfacial strength. All-atom and CG simulations
were performed on polyelectrolyte (PE)–CNF coacervates by
Khan et al.[92] to improve mechanical properties and simultane-
ously provide an understanding of charged interactions between
cationic–anionic PE and CNMs to modulate complex-CNM
aggregation. MARTINI-based CG models have also been used
to simulate conductive CNM-poly(3,4-ethylenedioxythiophene)
(PEDOT):poly(styrene sulfonate) (PSS) nanocomposites to
understand their morphology and interaction with cellulose
interfaces.[85,86]

It is important to note that most MD simulations do not yet
capture the inter-fibril/inter-CNF interactions and their effects
on mechanical properties. Most of the simulation work so far
has not focused on evolving design principles for thermoplas-
tic polymers used in 3D printing such as ABS, nylon, PLA, PP,
and PETG. For comparison and integration with 3D printing
experiments of common thermoplastics, it will be important to
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Figure 7. MD Simulations of crystalline cellulose–polymer nanocomposites: a) A cellulose–PP composite with 20% by weight of cellulose, presented
in top and lateral view, showing the fibril arrangement and cellulose chains. b) Young’s modulus of the composite (a) shown as a function of weight
percent of cellulose for three orientations (X, Y, and Z shown in (a)) where the modulus shows an increase with increasing cellulose %, most prominent
with respect to the X direction, perpendicular to the long axis of the cellulose chain. a,b) (Adapted under the terms of the CC-BY 4.0 license.[71] Copyright
2023, authors, MDPI, Basel, Switzerland c) PLA–cellulose nanocomposite showing the molecular structure of its components and a simulation snapshot
of the interface (dark gray and light gray areas on the left show cellulose and the lactic acid oligomers grafted to its surface (50%), and the remaining
black areas on the right represent PLA chains showing cavity (white) in between during stress–strain MD simulations. d) Stress–strain curves for the
system in (c) at different grafting percentages (wm) of lactic acid oligomers. c,d) Adapted with permission.[70] Copyright 1996, John Wiley & Sons Ltd.

simulate multiple crystalline nanofibrils and polymer matrices
that are relevant for 3D printing. The forcefields further used
in nanocomposite simulations for both polymers and CNF moi-
eties must be chosen carefully to reproduce the experimental
properties, such as tensile modulus, reasonably well. Another
point to consider is that due to computational limitations, the
strain rate in MD simulations is significantly higher than in the
experiment—a well-recognized limitation in polymer MD simu-
lation. However, the qualitative trends can still be meaningfully
captured from MD simulations.[118,119] One of the major chal-
lenges would be to incorporate the effect of amorphous regions
in a larger CNF in the context of AM-manufactured nanocompos-
ites which is a non-trivial problem due to the heterogeneities that
need to be sampled and a need for a rigorous approach drawing
inspiration from some of the previous works mentioned above.
Coarse-grained MD simulations and continuum models can be
used to simulate large-scale systems similar to some of the CG
methodologies presented above to evaluate CNF–polymer adhe-
sion, material properties, mechanical strength, and viscoelastic
behavior. The effects of molecular interactions in cellulose on
properties such as viscosity, thermal conductivity, and modulus
have not been studied extensively for CNM–polymer nanocom-
posites used in 3D printing. Although viscosity has not been com-

puted for CNFs to our knowledge, combined experimental and
simulation studies have been performed to compute the thermal
conductivity of CNMs for an 18-chain nanofibril;[120,121] the ther-
mal conductivity (𝜅) was found to be low, in the range of 0.5–2 W
m−1 K−1, making it promising for applications requiring low 𝜅

combined with high mechanical strength.[120,121] The low 𝜅 and
amorphous-like behavior of 𝜅 was attributed to the strong bound-
ary scattering of phonons due to the structure of CNFs compris-
ing crystalline elementary nanofibrils and amorphous regions;
however, 𝜅 was found to be independent of density and porosity,
unlike typical amorphous or semicrystalline polymers. The effect
of molecular interactions and the reason behind this anomalous
behavior have not been investigated in detail and present scope
for future study along with experimental validation and contin-
uum models with the aim of obtaining optimal thermal proper-
ties and flow behavior for AM.

3.3. Finite Element Simulation of CNF Nanocomposites for
Macroscopic Property Prediction

While molecular modeling methods offer an insight into dynam-
ics, interactions, and associated mechanical strength, continuum
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Figure 8. MD simulations of amorphous cellulose–PLA nanocomposites: a) Radial distribution function (g(r)) between cellulose–cellulose, cellulose–
PLA, and PLA–PLA moieties with corresponding MD simulation snapshots showing distribution of cellulose and PLA in the nanocomposite for 10%,
20% and 30% by weight of cellulose reinforcement. PLA and cellulose form phase-separated clusters with increasing % of cellulose. b) Uniaxial tensile
stress–strain curves for pure PLA, and PLA reinforced with 10%, 20%, and 30% by weight of cellulose, showing increasing strength with increasing
cellulose percentage. Adapted with permission.[73] Copyright 2011, Royal Society of Chemistry.

models are highly reliable and accurate in capturing macroscopic
mechanical behavior under different types of loading conditions
including bending, shear, tensile, compressive, and oscillatory
loads. They further capture long-time-scale diffusion and ther-
mal behavior of nanocomposites that are on currently inacces-
sible timescales and are highly expensive. FEA is one of the
most widely used methods to predict the mechanical properties
of nanocomposites as summarized below.

Webo et al.[122] predicted flexural properties of mono and hy-
brid epoxy–resin nanocomposites, where CNFs extracted from
sisal and/or rice husk nanoparticles were used as fillers. The au-
thors found good agreement between the flexural strength pre-
dicted from FEA simulations and experimental data, observing
an optimum point in fiber addition for flexural properties. Also,
Mishnaevsky et al.[123] developed a 3D unit cell FEM with snake-

shaped nano-cellulose fibrils, using ABAQUS/Standard to inves-
tigate material stiffness. Dhamodharan et al.[124] explored cellu-
lose nanocrystal-decorated graphene oxide nanohybrids in a wa-
terborne epoxy system, observing significant thermo-mechanical
improvements at lower nanofiller concentrations, with numer-
ical simulations again aligning well with laboratory values.
Furthermore, Naddeo et al.[125] focused on cellulose acetate–
graphene oxide nanocomposites, using a 3D FEM to study the
influence of morphological parameters on Young’s modulus,
again achieving a good approximation of experimental trends. Li
et al.[87] predicted the effective elastic properties of cellulose nano-
whisker-reinforced composites through a microstructure-based
FEA, and Zhang et al.[126] employed COMSOL Multiphysics 5.6
to study the tensile strength of a composite film with cellu-
lose, polyvinylidene fluoride, and barium titanate nanoparticles,
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confirming electrical breakdown behavior through simulation.
Naddeo et al.[88] used a multiscale FEM to analyze the elastic
behavior of graphene oxide nanocomposites, achieving a strong
numerical–experimental correlation. Huang and Rodrigue[89]

compared the mechanical properties of nanocomposites rein-
forced with single-wall carbon nanotubes and nanocrystalline cel-
lulose under various loading conditions. Mohammadi et al.[90] ap-
plied a Galerkin-based non-linear finite element method to an-
alyze the mechanical behavior of a polymeric aortic heart valve
made of polyvinyl alcohol (PVA)–bacterial cellulose nanocom-
posite. Finally, Gao et al.[127] combined mechanical testing, mi-
crostructural analysis, and discontinuous FEM to study the stiff-
ness of bacterial cellulose nanofibers, successfully calibrating
their model with experimental data. The above studies collec-
tively highlight the versatility and efficacy of FEA in advanc-
ing our understanding of the mechanical properties of various
nanocomposites and composite materials.

FEA has also been effectively employed to study the viscoelas-
tic properties of nanocomposites. Huang et al.[128] focused on
the damage failure history of a conductive tough hydrogel, com-
bining covalent cross–linking with metal coordination and sil-
ver nanowire reinforcement; they found that their finite element
method-based stress–strain calculations aligned well with exper-
imental data under tensile loading. Shojaeiarani et al.[129] investi-
gated the nonlinear behavior of CNC-reinforced PLA composites,
using a hyper-viscoelastic model with a neo-Hookean strain en-
ergy function and time-dependent Prony series. This approach,
implemented in Abaqus/Standard, accurately determined mate-
rial constants, mirroring both short and long-term experimen-
tal stress–strain data. Shakil et al.[130] explored the temperature-
dependent mechanical and creep behavior of graphene oxide, silk
fibroin, and cellulose nanocrystal nanocomposite, using a two-
layer, viscoelasticity-theory-based FEM. They observed signifi-
cant increases in hardness, reduced modulus, and yield strength,
along with decreased creep displacements in the nanocomposite
with a temperature rise from 25 to 80 °C. In summary, these stud-
ies highlight the precision and applicability of viscoelastic numer-
ical models in FEA for understanding complex nanocomposite
behaviors.

Zhao et al.[131] used the FEA package ANSYS to investigate
heat transfer in the models of isotropic PP and multi-walled car-
bon nanotubes (MWCNTs) blends and multilayered anisotropic
conductive polymer composites (ACPCs) in different directions.
In addition, FEA was employed for a thermally conductive sim-
ulation to understand the effect of multilayered structures on
the heat dissipation property of such ACPCs. In other work,
Htira et al.[132] and Almahmoud[133] conducted significant stud-
ies on the diffusivity properties of nanocomposites using ad-
vanced computational methods; these studies focused on effec-
tive diffusivity in polynomial nanocomposite systems with rod-
like nanofillers, employing COMSOL Multiphysics v5.4 for FEA.
They modeled a representative volume element using an un-
structured mesh of four-node tetrahedral elements, with auto-
matic mesh refinement near the fillers to enhance accuracy, and
studied the effects of variables like filler volume fraction, aspect
ratio, and polydispersity. Almahmoud[133] undertook a multiscale
design analysis and optimization, examining a membrane mois-
ture exchanger for air dehumidification at the macroscale and wa-
ter vapor diffusion in polymer nanocomposites at the nanoscale.

This study utilized COMSOL Multiphysics for macroscale mod-
eling and MAPS 4.3 and LAMMPS software packages for MD
modeling at the nanoscale. Both studies highlight the integration
of finite element methods and MD modeling toward understand-
ing and optimizing the diffusivity properties of nanocomposites,
contributing valuable insights for materials science and environ-
mental engineering applications.

The FEA studies reviewed above highlight the usefulness of
predicting complex mechanical behavior under different loading
conditions and the viscoelastic properties for diverse nanocom-
posite systems, including CNMs in polymer matrices. Further-
more, the thermomechanical behavior and failure modes are
also systematically evaluated in these studies, which provides
valuable predictions of material performance under service con-
ditions, thereby reducing experimental costs significantly. The
FEA methodologies can be extended to novel CNM-based com-
posite systems containing different CNM morphologies, sur-
face modifications, and polymer matrices to produce a system-
atic correlation between changing molecular structure and ma-
terial properties—including flow behavior, mechanical strength,
and temperature-dependent mechanical performance. Literature
shows us that there is a limited amount of research toward FEA of
additive manufacturing processes for CNF-based nanocompos-
ites. The common additive manufacturing technology for CNF-
based nanocomposites are extrusion-based printing (e.g., FDM),
which extrudes CNF-composite through a heated nozzle in a
layer-by-layer process, where the material cools and solidifies af-
ter each layer. The material feeding rate, nozzle head moving
speed, nozzle heating temperature, and ambient temperature in-
fluence the material properties of CNF composites. Direct ink
writing is another AM technology for CNF-composites fabrica-
tion, which extrudes the past-like CNF mixtures through a noz-
zle with the need for heating, which is suited for CNFs as it
requires lower viscosity and can incorporate higher CNF con-
tent. Stereolithography (SLA) is also a popular AM technique for
CNFS when the CNFs are incorporated into a UV-curable resin,
which provides a high resolution of the fabricated materials. Fu-
ture work should consider the impact of AM process parameters
on the CNFs distribution on the nanocomposites and the temper-
ature effect-induced thermal residual stress, whose effect can be
captured through nonlinear finite element method-based multi-
scale models where the thermal effect-induced change in the MD
should be considered in the selected RVE in the microscale mod-
eling based material properties calculations.

3.4. Integrating Multiscale-modeling and Experiment to
Accelerate Additive Manufacturing with CNM-Nanocomposites

The above sections discuss some of the major challenges in-
volved in utilizing CNMs as AM feedstocks and mixing them
with polymer melts to achieve optimal adhesion, mechanical,
and thermal properties for replacing traditional fillers in 3D
printed applications, including aggregation and weak interface
strength and compatibility. Prior experiments and simulations
have focused on understanding the origins and addressing sev-
eral facets of the problem both independently and collaboratively.
However, with the advances in high-performance computing and
modeling methods, an integrated approach exploiting various
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computational techniques can accelerate the discovery and ad-
vancement of materials and processes relevant to 3D printing of
the CNM nanocomposites on a large-scale. Further, recent ad-
vances in machine learning methods can be utilized with con-
ventional modeling techniques to fill in the current gaps in con-
sistent data to quantify and predict dispersion and adhesion. The
aim of using computation is to be able to screen many times more
possibilities than can experiment, while also providing an under-
standing of design principles needed.

While QM/DFT simulations have provided robust forcefields
for MD simulations of cellulose-solvents and cellulose-polymer
matrices, MARTINI-based CG simulations can be used to com-
pute properties including material density (𝜌), viscosity (𝜂), mod-
ulus (𝜎e) for different CNM surface modifications and thermo-
plastic polymers relevant for 3D printing applications. The sys-
tems can then be screened for high-performing materials whose
composition and properties can then be given as input to the
FEM simulations. FEM simulations will then evaluate macro-
scopic properties: thermal conductivity (𝜅), diffusivity (D), me-
chanical strength under different loading conditions (shear, ten-
sile, compressive, flexural, creep), flow rate, and failure modes
(void and crack propagation). The materials can then be given
an overall score based on the above metrics of material and
mechanical properties where the ones with the highest score
will then be prioritized for experiments. Experimental param-
eters such as energy requirement for fibrillation, CNM disper-
sion/interfacial behavior through microscopy (scanning electron
microscopy, atomic force microscopy), suspension, and compos-
ite rheological measurements (for example viscosity) in turn can
inform modeling to optimize both MD and FEM optimization.
A schematic showing this multi-scaling modeling-experimental
pipeline is presented in Figure 9a.

In the future, a minimalistic MD model using all-atom
and CG simulations may be able to be used to compute
fibril interfacial/contact energies, screening through many
solvents and polymers to find those with promising per-
formance. Machine learning models might then be em-
ployed to derive trends between solvent and polymer physic-
ochemical/mechanical/viscoelastic/thermal properties in the
literature[134] and the MD-computed energies to identify the im-
portant features governing CNM aggregation and dispersion
such as hydrogen bond propensities and surface tension. Prop-
erties (𝜌, 𝜂, 𝜎e) can then be obtained for composites with fea-
tures that contribute positively to reducing aggregation and im-
proving dispersion in matrices and fed into FEM to accelerate
the process. A multi-scale modeling strategy for fiber-reinforced
polymer composite models was provided by Lin and Zhang[135]

(Figure 9b) where modeling techniques can be used to address
various experimental challenges: interface phenomena using all-
atom free energy calculations, capillary action of fluids with these
composites using continuum modeling, relaxation time and ag-
ing of polymer chains from CG simulations, and degradation
mechanisms using kinetic MC methods. The complex nature of
interactions and organization in cellulose-based nanocomposites
put together with the required rheological and material proper-
ties to facilitate 3D printing necessitate the use of multi-scale
approaches to tune the morphology and properties mentioned
above; further future studies employing some of the FRP meth-
ods can be used to augment this pipeline.

4. High-Performance Applications of CNMs in
Additive Manufacturing

While computational modeling can design and predict the CNM
drying, and CNM-polymer composite properties, it is imperative
to provide examples of applications where these simulations can
help design materials with better properties. So far, we have dis-
cussed pure CNM and CNM composite properties obtained from
fundamental understanding-based computer simulations at dif-
ferent lengths and time scales. In this section, we will identify
three specific applications where a synergistic approach between
simulations and experiments can be used to produce materials
at a large-scale in a cost-effective way from the basic understand-
ing of simulations at the nanoscale. We start this section with a
discussion on 3D printing techniques, followed by applications
in feedstocks in structural nanocomposites, food packaging, flex-
ible electronics, and microfluidic devices, and end with hydrogel-
based scaffolds for biomedical applications. The techniques used
for 3D printing in the preparation of cellulose nanomaterials
(CNMs) primarily include two categories: extrusion-based and
vat polymerization.[138,139] In extrusion-based approaches, shear-
thinning fluids are extruded from a nozzle onto a platform in a
layer-by-layer manner, thereby forming a three-dimensional ob-
ject. This category includes fused deposition modeling (FDM,
also referred to as fused filament fabrication or FFF) and direct
ink writing (DIW). For FDM, as illustrated in Figure 10a, the
prefabricated filament is continuously fed into the heated lique-
fier (with the temperature determined by the polymeric material)
through mechanical systems.[140,141] The molten end is then ex-
truded through a nozzle of a fixed diameter onto a plate, typically
preheated to a specific temperature suited to the polymer matrix,
forming the desired shape. In FDM-based 3D printing of CNMs
composites, cellulose-based fillers are blended with a polymer
matrix. The polymer matrix generally facilitates flowability dur-
ing extrusion while maintaining the shape post-extrusion due to
the shear-thinning behavior of the polymer network. It also pro-
vides essential mechanical strength. Meanwhile, the CNMs con-
tribute to modifying the rheological properties during printing
and functionalizing the printed materials due to their intrinsic
characteristics, such as a high aspect ratio and the presence of
abundant functional groups, which will be discussed in the fol-
lowing sections.

A significant challenge in FDM printing of CNMs compos-
ites is achieving homogeneous blending with the polymer matrix.
The cellulose-based fillers need to be thoroughly dried; however,
upon drying, the strong hydrogen bonding between CNMs can
cause aggregation. This aggregation leads to difficulties in obtain-
ing uniform dispersion within the polymer matrix, which nega-
tively affects the interfacial adhesion between the two phases, as
well as the overall mechanical performance of the composite.

Another extrusion-based 3D printing technique that can miti-
gate some of the challenges in FDM is direct ink writing (DIW).
In DIW, as shown in Figure 10b, a formulated ink is extruded
from a nozzle onto a platform via a pressure system to create
an object layer by layer. Unlike FDM, which uses polymer melts
for printing, DIW employs shear-thinning inks with varied com-
ponents. The required property for the ink includes low resis-
tance during extrusion, sufficient yield stress, and rapid elas-
tic recovery after extrusion.[141] Thus, the formulation of the ink
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Figure 9. a) Schematic in the current review proposing future methods for integrating MD simulations (CG and atomistic), continuum FEM, and
experiments to accelerate the materials design and process optimization of 3D printed nanocomposites. MD figure - unpublished, Experimental figure -
unpublished, FEM figure – Adapted under the terms of the CC-BY 4.0 license.[137] Copyright 2020, Walter de Gruyter GmbH; De Gruyter; Freund.
b) Multiscale Simulation framework that has been applied for fiber-polymer composites. Adapted under the terms of the CC-BY 4.0 license.[135] Copyright
2023, Nature Publishing Group UK; Nature Research; IEC.

Figure 10. Extrusion-based 3D printing techniques. a) Fused Deposition Modeling (FDM), b) Direct Ink Writing (DIW). Adapted under the terms of the
CC-BY-NC 4.0 license.[139] Copyright 2020, Royal Society of Chemistry.
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Figure 11. Vat photopolymerization 3D printing techniques. Adapted under the terms of the CC-BY-NC 4.0 license.[139] Copyright 2020, Royal Society of
Chemistry.

needs to be carefully optimized to meet these printing require-
ments. For CNMs incorporated inks, they can be formulated
from aqueous cellulose suspensions without drying, thereby
avoiding aggregation. Adequate mixing is crucial when preparing
CNM-based suspensions for DIW, especially for materials with
anisotropic properties. Techniques such as homogenization,[142]

speed mixing,[141,143] and sonication,[144,145] can be employed to
achieve a homogeneous suspension. Additionally, a degassing
process is typically applied prior to printing to ensure smooth
extrusion.[141,146]

Two variants of DIW have been developed for printing
cellulose-based composite materials. One is known as direct cryo
writing (DCW).[147] In contrast to conventional DIW, DCW uti-
lizes a cryogenic plate during printing, which allows the extruded
material to freeze immediately, reducing the dependence on the
rheological properties of the inks. Another variation, termed
“matrix-assisted” DIW,[148] involves printing inside a matrix that
helps maintain the printed architectures. This technique reduces
the need for strict control over the rheological behavior of the ink.
Both variants potentially broaden the range of reagents that can
be used in ink formulations and expand the application possibil-
ities for CNM-based materials.

In addition to extrusion-based 3D printing techniques, vat
photopolymerization methods, such as stereolithography (SLA)
and digital light projection (DLP), have also been employed
for 3D printing with cellulose nanomaterials (CNMs).[139] Like
extrusion-based techniques, vat photopolymerization builds ob-
jects layer by layer; however, the formation of each layer occurs
through the polymerization of a photoreactive resin, initiated by
UV light. In SLA, as illustrated in Figure 11, a printing plate is
immersed in a tank containing photoreactive resin. During print-
ing, the distance between the plate (or current working area) and
the tank bottom is adjusted to control layer thickness. UV light
scans each layer’s pattern, initiating photopolymerization[149]

Once a layer is completed, the plate is repositioned to accommo-

date the next layer. DLP follows a similar process, though each
layer is printed by projecting the UV light pattern onto the resin.

When incorporating CNMs into vat photopolymerization, the
dispersion of fillers presents significant challenges. The dried
particles must be uniformly dispersed in the resin to prevent ag-
gregation. Another issue arises from gravity-induced settling of
the fillers during the printing process.[150] Furthermore, the load-
ing concentration of fillers in the resin impacts the print quality,
as excessive filler content can hinder UV light penetration, lead-
ing to additional complications.[151]

Compared to traditional manufacturing methods for CNMs,
such as melt processing with polymers (including extrusion, in-
jection molding, and resin transfer molding) and casting from
CNM suspensions,[152,153] 3D printing can construct hierarchical
architectures on different scales according to design specifica-
tions. This approach allows for the maximization of the struc-
tural features of CNMs, enabling their application in advanced,
high-value contexts, following the structure-processing-property
relationship. However, a significant limitation of CNMs 3D print-
ing is a relatively slower production rate compared to traditional
ones, highlighting the need for further research to address this
challenge and improve the efficiency of the process.

5. CNMs as Additive Manufacturing Feedstocks
for Structural Nanocomposites

Structural or load-bearing applications for materials are abun-
dant, both small (such as mounting brackets or pillars in a car
or furniture) and large (such as bridges, buildings, etc.). In-
deed, cellulose-based materials are some of the oldest struc-
tural materials. Important material properties for structural ap-
plications are the material’s elastic modulus (i.e., stiffness),
strength, and toughness. As discussed above, cellulose is a de-
sirable structural material due to its relative abundance and
high specific mechanical properties; CNMs have therefore been
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Figure 12. Additive manufacturing of structural materials on a large scale and a small scale. a) Large-scale AM of a yacht printed from 20% Wood Flour
+ 1% Cellulose Nanofibril + PLA (unpublished) b) Small-scale material extrusion prints of an all-CNF hexagonal lattice structure showing c) exceptional
specific stiffness. (b-c) Adapted with permission.[161] Copyright 2021, Elsevier B.V.

investigated for the development of structural bulk materi-
als, including with CNF-rich composites[154–157] and in vari-
ous thermoplastic and thermoset composites to improve prop-
erties, and these have been documented in various review
papers.[113,158, 159] While processing methods and bulk material
properties for CNM composites are numerous, CNMs have not
been extensively explored in 3D printed structural applications,
which may be due partly to the outstanding need for valida-
tion of 3D printed parts for structural application and partly
because of the availability of these materials or lack of de-
velopment for AM feedstock. The subsequent paragraphs fo-
cus on the application of these materials in 3D printed struc-
tural applications, drawing from cellulose-based feedstock 3D
printing applications where necessary to highlight development
opportunities.

Cellulose-based fillers have been used in large-scale 3D-
printed structures such as the bamboo-filled PLA high-top
bar and arching pavilion for the Miami Design Expedition in
2016,[160] wood-CNF filled PLA for boat roof mold in 2018,[136]

a lightweight, super-strong yet flexible all-cellulose structure,[161]

and in the wood-filled PLA BioHome3D at the University of
Maine in 2023,[162] all large structural applications. In these ap-
plications, up to 20 wt.% of filler was used to improve printability
(i.e., rheology, shape retention/form stability) and provide a com-
petitive alternative to carbon fiber–reinforced ABS for large-scale

AM, at least in terms of printability and forecast cost, while re-
maining renewably sourced.[136,160,162,163]

A common interest between general composite applications
and AM structural applications in incorporating CNMs into com-
posites is to improve the mechanical performance of the compos-
ite as these high aspect ratio nanoparticles are strong, stiff, and
low-density.[113] Gardener et al.[136] examined the use of CNF as
both the primary filler and as a hybrid filler system (two unique
fillers/reinforcements) in PP, styrene maleic anhydride, and PLA
for feedstock to manufacture a boat roof mold. The PLA mate-
rial systems showed the most significant improvement in com-
pressive stiffness and strength by adding 10% CNF; a PLA for-
mulation containing 20 wt% wood flour and 1% CNF was ul-
timately selected.[136] Figure 12a shows another large-scale 3D
printed yacht from the same group made from 20% wood flour,
1% cellulose nanofibril, and PLA with superior mechanical prop-
erties (unpublished).[136] Other studies have shown an improve-
ment in PLA properties with the addition of CNF for 3D print-
ing applications, as well as the embrittlement that has also been
observed in bulk composite property studies, especially at signif-
icant loadings.[163,164] As previously mentioned, one of the chal-
lenges with CNM composites, particularly those aiming to tar-
get large-scale AM, is the dispersion of the CNMs in the poly-
mer feedstock. It is well documented that CNMs agglomerate
during drying, and strong inter-CNF hydrogen bonding resists

Adv. Funct. Mater. 2024, 2414222 © 2024 Wiley-VCH GmbH2414222 (16 of 31)

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202414222 by U
niversity O

f C
alifornia, L

os, W
iley O

nline L
ibrary on [31/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

re-dispersion in the polymer matrix, resulting in the distribution
of micron and sub-micron particles.[165] For those looking to scale
CNM composites for structural applications, this means produc-
ing large quantities of composite pellets to be used on medium-
or large-scale pellet-fed material extrusion systems (e.g., 3DP
workstation, Big Area Additive Manufacturing, Juggerbot).

CNFs are often added to polymers to improve the mechani-
cal properties, specifically the stiffness and strength of the com-
posite; however, this can also lead to improvements in compet-
ing effects like enhanced crystallinity and reduced coefficient of
thermal expansion (CTE)—properties that are of practical impor-
tance for AM. In AM, warpage/distortion and delamination dur-
ing printing are often caused by the buildup of residual stress
in the material, as it contracts during cooling: the layer being
printed is being deposited on a previous layer, which has already
cooled and contracted to an extent. Moreover, crystallization can
cause a high level of shrinkage (densification); consequently, the
materials seen as having the highest printability are often slow-
crystallizing polymers like PLA or amorphous polymers like ABS.
However, the addition of CNMs to semi-crystalline polymers
demonstrated that these materials can be heterogeneous nucle-
ation agents, improving both the rate of crystallization in the poly-
mer as well as the degree of crystallinity.[166–169] Despite those im-
provements, the effects are dependent on several variables, such
as material system, dispersion level, solids loading, as well as pro-
cessing variables like bed temperature or cooling rate (in AM, this
would be related to layer time, distance from the print head, etc.).
In the case of CNF-PLA composites, at mild bed temperatures,
the addition of CNF has been observed to increase the total crys-
tallinity relative to neat PLA, resulting in enhanced strength and
stiffness.[170] In large-scale AM, there is an opportunity to better
understand how CNMs might affect the CTE of polymer feed-
stocks and crystallization rates for semi-crystalline polymer feed-
stocks. AM of CNF-containing thermoplastics has shown this
to be true for shear-induced orientation.[25,161,171–173] Printing of
CNF composites results in a distribution of oriented CNF and
CNF bundles along the print direction, like other rigid particles
such as carbon fiber or alumina platelets. However, unlike rigid
particles, due to the flexibility and irregular shape of these mate-
rials, CNFs have been observed also to exhibit different degrees of
extension, which can affect the mechanical properties.[171] CNMS
are well-known rheology modifiers, even at small concentrations,
and in the development of AM feedstocks, these materials have
been shown to significantly increase the viscosity of the polymer
melt and change the rheological behavior.[165]

It is worth comparing the AM of composites containing CNFs
versus CNCs at this point to understand the effect of crystallinity,
particle sizes, morphologies, and processing/pretreatment tech-
niques on the properties that are relevant for structural applica-
tions. The fundamental structural difference between CNCs and
CNFs is the absence of amorphous fragments in the former as
opposed to the latter; CNFs contain both crystalline and amor-
phous domains resulting in differing dimensions and high as-
pect ratios. The degrees of crystallinity for the longer CNFs (70%)
are lower than those of CNCs (> 85%), and they form entangle-
ments at lower concentrations compared to CNCs (1 wt.% for
CNFs as compared to 10 wt.% for CNCs).[174] CNFs are known
to exhibit higher solution viscosities than CNCs owing to sev-
eral factors, including the presence of entanglements at a rela-

tively lower concentration, wide size distribution of fibers, and
inter-particle interactions. These factors also affect the optical
properties, fiber alignment, and thus the mechanical strength
of CNF- versus CNC–polymer-based composites. Fiber align-
ment during AM to improve mechanical strength and tough-
ness was performed by Li et al.[159]: results showed greater or-
der parameters, which translates to higher strength and stiff-
ness, for long CNFs (590 nm, 683 nm) compared to shorter
CNFs (390 nm).

Structural and mechanical properties were studied with PEO-
CNC/CNF composites by Xu et al., and the results showed that
the CNFs and CNCs produced had similar diameters but dif-
fered significantly in their lengths (i.e., 150 nm vs 1 μm). The
addition of CNFs resulted in a relatively higher Young’s modu-
lus (by 100 MPa at lower reinforcement % and up to 500 MPa
at higher values up to 10%) and a lower strain-at-failure com-
pared to CNCs.[35] Another recent work involving a compari-
son of CNF- versus CNC-based composites was performed with
vegetable oil polymer resin,[175] where it was shown that the
thermal properties of CNF-based composites were superior to
CNCs, whereas the stiffness was higher in CNC-based compos-
ites above the glass transition temperature of the resin, as shown
by the storage and loss moduli values. It is important to note
here that a direct comparison of CNF versus CNC-based poly-
mer composites across different studies is non-trivial and must
be done cautiously because the morphology, particle sizes, aspect
ratios, pretreatment/hydrolysis method, and, consequently, the
degree of crystallinity can show significant variations between
studies.

CNMs have demonstrated remarkable strength and stiffness-
to-weight performance in all-cellulose and cellulose-rich com-
posites, and additively manufactured materials are no exception.
While no structural applications for these materials have yet been
realized, the high specific stiffness of these materials warrants a
brief review. The AM of hydrogels, cellulose paste, and cellulose
foams using material extrusion processes leverages strong hydro-
gen bonds on the cellulose structure to create AM materials with
potential use in structural applications (Figure 12b,c).[161] The
high viscosity and shear-thinning qualities of the CNMs, which,
as discussed previously, can be utilized as rheology modifiers in
composite systems to improve printability, are conducive to print-
ing inks or suspensions for the material extrusion processes like
direct ink writing (DIW).[25,93,104–106,161,172,173] However, a poten-
tial limitation of working with the water-based suspension is in-
creasing the CNM content. Currently, most inks that have been
developed have low concentrations (<10%),[25,161] although there
are some examples of higher concentrations.[172,173] With a signif-
icant water content in CNM inks, the printed part will undergo
significant shrinkage, potential cracking, and distortion during
drying because the majority of the component is water.[173] For in-
stance, a study by Jiang et al.[161] showed high volumetric shrink-
age rates, >60%, for suspensions containing 4–6% CNF as well
as anisotropic shrinkage (Figure 12b,c). This issue can be miti-
gated somewhat by controlling the drying conditions; for exam-
ple, Klar et al.[173] observed that at faster drying rates or higher
drying temperatures, the shrinkage was reduced. These materials
could find application in areas that require high specific strength
or stiffness, such as those in buildings and construction or in
niche packaging applications, in addition to biomedical.
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6. CNMs for Food Packaging, Flexible Electronics,
and Microfluidic Devices

We now summarize various trial applications of CNF and CNCs
in small-scale 3D printing. In the study lead by Zhou et al., a
core–shell square scaffold was prepared by coaxial AM to increase
the shelf-life of litchi fruits and develop intelligent packaging.[176]

The core contained 1-methylcyclopropene (1-MCP) and chitosan,
and the shell contained anthocyanin (a pH-responsive dye) that
prevented the interaction of these two additives with each other.
1-MCP is a non-toxic film additive that can delay ripening be-
cause it is an ethylene receptor inhibitor. However, it has to be
distributed in a polymer matrix to reduce its volatility for slow re-
lease. The food dye changes its color from blue-purple to red-pink
on the decrease in pH due to an increase in the acidity of fruit
upon spoilage. The core solution contained chitosan, lactic acid,
and 1-MCP. The shell solution contained CNF, sodium alginate,
𝜅-carrageenan, and anthocyanin. The solutions were extruded
through syringes, and the fresh scaffold was immediately sprayed
with 2% CaCl2/2% KCl to cross-link the alginate that locked the
shape of the extruded roads and layers; this alginate was then
freeze-dried to form the scaffold. The presence of CNFs gave the
solution appropriate shear-thinning behavior for extrusion and
prevented the scaffold from collapsing upon freeze-drying. The
presence of the scaffold in the litchi container increased the shelf-
life by 6 days, which was easily detected by the blue color of the
scaffold and the lack of fungal mycelia on the surfaces of the fruits
(Figure 13).[176]

In another printing application, starch or milk powder was
mixed with CNF, followed by a mixing of plant protein con-
centrate and rice bran to form a food paste that was printed by
DIW. The addition of 1.5% CNF provided the appropriate viscos-
ity and shape retention, and it reduced the hardness compared
to prints without CNF.[177] Printing of CNF requires appropriate
paste-like viscosity for the printed extrudate to hold the desired
shape. The addition of locust bean gum to a 1% CNF aqueous
suspension—in a ratio of 3–5 parts locust bean gum to 1 part
CNF—improved the viscoelastic behavior. This enhancement led
to better printability and greater dimensional stability of the dried
printed scaffolds.[178] CNC has a different viscoelastic behavior
than CNF. Increasing the concentration of CNC to form pastes
can increase printer nozzle clogging. Therefore, electrostatically
stabilized nanocrystalline cellulose (ENCC) was applied as an ad-
ditive to increase the viscosity of dilute CNC suspension to im-
prove printability and improve mechanical strength. ENCC was
prepared by periodate and chlorite oxidation to break the C2–
C3 bond of glucose and form carboxylic groups. Experimenters
added 50 mm NaHCO3 to a 10% mixture of 1:2 to 2:1 ratio of
CNC/ENCC for network formation and screening the highly an-
ionic ENCC from electrostatic repulsion among the chains that
increased the compressive strength by 78% compared to CNC
cryogels.[179]

CNF, methylcellulose (MC), montmorillonite (MMT), glyoxal
(0.58%), and tannic acid (0.02%) were combined to produce
foams and were printed by DIW for use as a packaging, ther-
mal insulation, or adsorption material. MMT had the role of a
rheology modifier, MC as a surfactant-like additive, glyoxal as
a cross-linking agent, and tannic acid as a foam stabilizer in
TEMPO-oxidized CNF paste. Glyoxal is commonly used as a

Figure 13. Schematic diagram of the freshness monitoring and preser-
vation experiment of litchis. The figure shows a color-changing printed
scaffold made from CNF/sodium alginate/k-carrageenan/blueberry an-
thocyanin/chitosan, without and with 1-MCP (reduces fruit ripening).
Adapted with permission.[176] Copyright 2021, Elsevier Ltd.

paper-strengthening agent and improves the wet strength of cel-
lulose. Foaming was done by using a whisk and stirrer. Drying
of fresh prints at 80 °C caused annealing of MC that stabilized
the printed shapes and showed <10% shrinkage. The optimized
foam had a bulk density of 21 kg m−3, 2.8 GPa tensile modulus,
and 113 kPa tensile strength.[180]

To form conductive composites for energy management
and wearable electronics of various shapes, carbon nanotubes
(CNTs)/CNF at a 1:1 ratio have been 3D printed. For this CNF
was oxidized using TEMPO radical and mixed with CNT to form
a viscous gel.[165] The gel was printed using a syringe, followed by
water removal using ethanol. Oxidized CNF acted by electrostatic
repulsion and possibly hydrophobic interaction with CNT to pre-
vent aggregation of CNT. The print had high electrical conductiv-
ity (216.7 S cm−1) due to good distribution of CNT and high ten-
sile strength (247 MPa) due to the presence of CNF and CNT.[181]

In another study, carboxymethylated CNF was printed and then
immersed in a CaCl2 bath for cross-linking for the print to hold
shape once dried. Drying was carried out by solvent exchange us-
ing hexane, ethanol, and acetone to reduce pore collapse. To make
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Figure 14. a) Shape recovery photos of 3D-printed 2.0% CNF, 20% infill monolith after both in-plane (top) and out-of-plane (bottom) compression.
The relative resistance changes of 2.0% CNF, 25% infill density, and 0.5 M CaCl2 monolith under cyclic compression at 7.1%, 14.3%, and 50.0% strains
for 10 compressive cycles. Adapted with permission.[185] Copyright 2021, American Chemical Society b) Cycling tests of the polypyrrole-CNF foam. The
compression cycle was repeated 20 times at 0% and 20% strains. Super-light lightweight conductive polypyrrole-CNF foam placed on dandelion seeds.
Adapted with permission.[186] Copyright 2020, Elsevier Ltd.

the ink conductive, CNT and cetrimonium bromide (CTAB) sur-
factant (for dispersion) were added to the CNF, but the conduc-
tivity was only 0.01 S cm−1.[182]

CNCs were added to methacrylate malate photocurable resin
(MMPR) to obtain high dielectric constant composites for flex-
ible electronics. The photocurable resin was synthesized by
adding initiators and reacting neopentyl glycol, diethylene gly-
col, phthalic anhydride, malic acid, and methacrylic acid. CNC,
methacrylic acid, potassium persulfate (catalyst), and 4-hydroxy-
2,2,6,6-tetramethyl-piperidinooxy (ZJ-701) (cross-linking initia-
tor) were reacted at 70 °C for 6 h; the unreacted chemicals
were removed, and the suspension was freeze-dried to ob-
tain CNC-methacrylate powder. This powder was added to the
resin along with 2,4,6-trimethylbenzoyl diphenylphosphine ox-
ide (TPO) (photoinitiator) to prepare photocurable composite
resins. Ring capacitors with 0–1% CNC were prepared by stere-
olithography AM using UV light. Due to the addition of CNC,
tensile strength of 16–18 MPa and 33–39% elongation could be
achieved. On increasing the CNC content from 0% to 0.75%, di-
electric breakdown strength increased from 28.5 to 32.5 MV m−1.
On raising the CNC content from 0% to 1%, the capacitance in-
creased from 18.5 to 43.4 pF (i.e., a 134% increase).[183]

Micro fibrillated cellulose (MFC)/lignosulfonate hydrogels
were printed and carbonized for use as electrically conductive
material in lithium-ion batteries. Experimenters printed 20–50%
lignosulfonate +2% MFC aqueous ink by DIW; this was dried
first in the air for 5 days, and then at 110 °C or by freeze-drying.
The prints were then carbonized in an argon atmosphere in a

tubular oven to 800 °C at 5 °C min−1 and provided 5–55 S m−1

electrical conductivity. The material could be printed up to 40%
lignosulfonate concentration but had significant shrinkage on
drying for lignosulfonate concentrations above 10%.[184]

Hygroscopic salt CaCl2, was incorporated in oxidized CNF (us-
ing TEMPO) to make elastic-tunable CNF because the elastic
modulus of cellulose is significantly affected by water content.
Experimenters printed 2–2.5% CNF by DIW at 20 and 25% infill
density. The print was immersed in a CaCl2 bath, frozen, and
then freeze-dried. The excess CaCl2 was removed by washing
with water. This printed monolith could be used as an electrical-
resistance-based pressure sensor due to the excellent shape re-
covery after compression and the presence of salt ions. Lower in-
fill density or higher CaCl2 concentration increased pressure sen-
sitivity, outperforming composites like CNT/polyurethane and
graphene/polyamide (Figure 14a).[185]

In another study on printed pressure sensors of CNF com-
posites, lightweight printed conductive foams were prepared by
making composites of polypyrrole conductive polymer and car-
boxymethylated CNF by DIW. Carboxymethylation of pulp was
carried out using monochloroacetic acid and NaOH in a sol-
vent mixture containing isopropanol, methanol, and water. This
derivatized pulp was then converted to CNF by passing through
an ultra-friction grinder. Sodium dodecyl sulfate (SDS) surfactant
was then added to this carboxymethylated CNF and homogenized
to convert the paste into foam. After DIW printing, the printed
foams were soaked in aqueous ammonium persulfate and then
in aqueous solution of pyrrole for polymerization. The foams
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Figure 15. Fabrication of a flexible microfluidic thin film with multilayered channels by matrix-assisted 3D printing in a CNF hydrogel. a) Series of
fabrication processes for three-layered continuous microfluidic channels designed by CAD. b) The nozzle tip was moved to the three layers, and the
petroleum jelly-based removable ink was injected into the CNF hydrogel matrix. Ink with fluorescent dye was visualized under UV illumination. c) It was
possible to interconnect the layers by continuous injection of the ink in tip movement to the next layer. d) CNF hydrogel matrix was dehydrated and
formed a thin compact microfluidic film. e) Printed ink was liquefied at elevated temperature and removed under vacuum, forming an open-channel 3D
microfluidic device. Adapted with permission.[187] Copyright 2017, American Chemical Society.

were then washed and dried. The lowest bulk density achieved
was 18 kg m−3. It was found that 0.76 g polypyrrole/g CNF had
the best balance of printing quality, conductivity, and compres-
sion strength and was stable after 20 compression cycles at 20%
strain (Figure 14b).[186]

Microfluidic channels were created inside the CNF matrix by
using petroleum jelly because of its immiscibility and easy re-
moval from the matrix after drying. A 0.4–1% CNF hydrogel
was poured into a petri dish, and petroleum jelly was extruded
using DIW, with the syringe needle inserted into the hydrogel.
This process created three layers at different depths that were in-
terconnected due to continuous extrusion throughout the print-
ing (Figure 15). The hydrogels were dried, and the jelly was re-
moved by passing compressed air and hexane through the chan-
nel. A 10% trimethylchlorosilane solution was passed through
the channel to silylate the surfaces and render them hydrophobic.
The silicone elastomer and curing agent in hexane were passed
and cured at

80 °C to coat the inner surfaces with polymerized silicone.
The microfluidic devices had diffusion-limited co-flows simi-
lar to those of conventional polydimethylsiloxane (PDMS) open-
channel microfluidic devices. The device was used to show se-
lective detection of chromium and nickel ions in wastewater by
colorimetric detection using dimethylglyoxime at pH 9 for Ni2+

(pink) and diphenylcarbazide at pH 1 for Cr6+ (purple) via UV–
Vis spectrophotometry.[187]

7. CNM-Based Hydrogel Scaffolds for Biomedical
Applications

AM enables the design of complex structures that can replicate
the original anatomical shape of an injured body part to be re-
paired and, in particular, mimic the native extracellular matrix de-
pending on their composition, so that new tissue can grow within
the wound. These complex structures are typically printed scaf-
folds made of biomaterials: that is to say, materials that are bio-

compatible and biodegradable, nano-cellulose is one of the key
components, as it has attracted much interest for applications
like tissue engineering and wound healing (including in some
cases the simultaneous delivery of drugs and growth factors).[188]

The scaffold synthesis process consists of three main steps: extru-
sion/jetting of a bioink, printing of the scaffold, and stabilization
of the printed structure (by cross–linking, generally). Moreover,
the hydrogel and the associated scaffold must satisfy all the dif-
ferent criteria listed below, which makes their use for tissue en-
gineering a puzzle that is difficult to solve:

• The hydrogel must show homogeneity, shear thinning behav-
ior, appropriate level of viscosity (to avoid high pressure during
extrusion), and viscoelastic solid properties at low shear stress
to retain shape after printing (thixotropic behavior).

• A level of mechanical performance must be achieved for the
scaffold to provide the required support (for example, com-
pression properties are important for the repair of cartilage
and bone tissues). A list of the mechanical properties obtained
with different nanocellulose-containing hydrogels of different
compositions, as well as the related applications, can be found
in Table 1.

• The structure of the scaffold must provide an interconnected
pore structure that will enable cell migration, nutrient trans-
port, discharge of metabolic waste, and oxygen diffusion (pores
in the range of 100–600 microns).

• The surface properties of the scaffold (porosity of 10–40 mi-
crons, active surface functional groups) must be engineered
to promote cell adhesion, growth, proliferation, migration, and
differentiation.

• The materials involved must be non-toxic, biocompatible, and
biodegradable (they should degrade without generating toxic
metabolites).

To check all these criteria, most studies follow a similar eval-
uation process: shear rheology, mechanical testing (compression
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Table 1. Hydrogel structure, mechanical properties of the corresponding scaffold, and associated medical application (Unpublished).

Refs. Hydrogel structure/composition Mechanical properties Medical application

[203] PVA (12 wt.%) hexagonal boron nitride (0.25 wt.%), bacterial
cellulose (0.1 wt. %)

Tensile strength: 0.13 MPa, Elongation at break:
80%

Bone tissue engineering

[211] Two-layer structure with each layer cross–linked by
epichlorohydrin.

Top layer: pure cellulose (8 wt.%)
Bottom layer: cellulose+bioactive glass (10 wt.%)

Tensile strength: 5 MPa, Compressive strength: 12
MPa

Repair of cartilage and
underlying bone

[191] CNCs (6.9 wt.%), sodium alginate (1.5 wt.%), gelatin (1.5
wt.%), cross–linked by CaCl2 and glutaraldehyde

Compressive modulus: 0.16–0.34 MPa Cartilage repair

[200] PLA printed on bacterial cellulose membrane Tensile strength: 65 MPa Tissue engineering and nerve
repair

[201] Porous 3D printed PLA support, Chitosan-collagen (3:1 by
weight) electrospun CNF hydrogel composite deposited

and cross–linked by genipin.

Compressive strength: 0.032 MPa Cartilage repair/meniscus
tissue engineering

[204] Poly(Ɛ-caprolactone) (5 wt.%) nanocrystalline cellulose
surface treated by poly(glutamic acid)

Compression modulus: 101–122 MPa,
Compressive strength: 40–60 MPa

Bone tissue regeneration

[192] Gelatin (2 wt.%), oxidized dextran (2 wt.%), and CNCs (0.4
wt.%)

Compressive strength: 1.33 MPa, Compressive
modulus: 0.134 MPa

Tissue repair

[189] Bacterial CNFs (0.7 wt.%) +gelatin/glycerol/silk (6 wt.%/62
wt.%/31 wt.% of dry product)

Compressive strength: 0.065 MPa at 30% strain,
Compressive modulus: 0.187 MPa

Tissue engineering

[193] Sodium alginate/nanoclay (0.5wt.%),
ethylene-diamine-tetra-acetic acid calcium disodium salt

hydrate/TEMPO-oxidized bacterial cellulose

Compression strength at 40%: 0.334 MPa,
Compression modulus: 0.270 MPa

Drug release, tissue
engineering

[194] Polycaprolactone/gelatin (1:1 by weight) and bacterial
cellulose (0.25 wt.%)

Tensile strength: 2.17 MPa Bone tissue engineering

[195] CNCs/sodium alginate/gelatin (70/20/10 wt.%) Tensile modulus: 1.54 MPa, Tensile strength: 0.021
MPa in wet conditions.

Tissue regeneration

[198] Calcium phosphate/calcium sulfate hemihydrate (2:3 ratio
by weight, for a total of 20 wt.%)/alginate

wt.%/hydroxypropyl methylcellulose 0.9 wt.% and
cross–linked in CaCl2

Compressive modulus: 56 MPa, Compressive
strength: 13 MPa

Non-load-bearing bone
tissue regeneration

[196] TEMPO-oxidized cellulose nanofibrils (0.9 wt.%) + gelatin
methacrylate (1 wt.%). Cross–linked by Ca2+ ions and by

ultraviolet (photoinitiator Irgacure 2959 at 0.5 wt.%)

Compressive modulus: 0.0014–0.004 MPa Wound healing

[213] Poly-lactic-co-glycolic acid (85 lactide:15 glycolide by weight),
polyethylene glycol (93.5:6.5 ratio by weight) blend added

to water and carboxymethyl cellulose (0.1 to 4 wt.%) to
form a paste (solids ratio 1:1 to 1.7:1 by weight)), extruded
and sintered at 37 °C and immersed in NaCl (0.9 wt.%).

Compressive modulus: 54–57 MPa, Compressive
yield strength: 1.15–1.22 MPa

Bone repair

test, eventually tension test), electronic microscopy to character-
ize the pore structure, Fourier transform IR spectroscopy to in-
vestigate the composition, and in-vitro and in-vivo studies to eval-
uate biocompatibility, bioactivity, and biodegradation. Some of
the mentioned processes of scaffold synthesis and testing are de-
picted in Figure 16.

The majority of bioinks consist of naturally derived polymer-
based hydrogels, which are made of water in the ma-
jority, and of hydrophilic biopolymers that have the abil-
ity to retain large quantities of that water. This makes
the bioinks structurally similar to the extracellular matrix
to be mimicked. The main biopolymers are gelatin,[189–196]

alginate,[190, 191, 193, 195, 197–199] PLA,[200–202] chitosan[201] and mod-
ified chitosan,[197] collagen,[201] oxidized dextran,[192] and silk.[189]

Not bio-sourced but biodegradable polymers have also been used,
like polyvinyl alcohol[203] and polycaprolactone (not in hydrogel
form).[204]

The mechanical properties of pure hydrogels are too poor
to provide the required support during wound healing, and so
different strategies to improve them have been investigated.
These strategies can be separated between pre-printing and post-
printing methods. The pre-printing methods consist of adding
nanoparticles to the hydrogel. Among these, three types of
nanocellulose (cellulose nanocrystals, cellulose nanofibrils, and
bacterial cellulose) have been used. Nanocellulose is a good hy-
drogel filler for biomedical applications because it is biocompat-
ible, has low toxicity, a high specific surface area, high mechan-
ical properties, and is renewable. Also, the high concentration
of hydroxyl groups in cellulose provides some hydrophilicity that
participates in the retention of water in the hydrogel and offers
anchorage for the grafting of tailored functional groups that will
generate a strong interaction with the biopolymer. As discussed
in previous sections, CNCs with rod-like morphologies, high ten-
sile properties (modulus of 150 GPa and strength of ≈7–8 GPa),
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Figure 16. Development and testing processes of a 3D printed hydrogel scaffold (gelatin + silk + glycerol + genipin + bacterial cellulose nanofibers).
Adapted with permission.[189] Copyright 1981, PERGAMON, Elsevier.

and thermal stability up to 300 °C,[188] are particularly adapted
to 3D printing because they confer a shear thinning behavior to
the hydrogel. CNFs are comparatively more flexible than CNCs,
with a tensile strength of 1–3 GPa,[188] and their complex struc-
tural design mimics the native extracellular matrix more closely
than CNCs. Bacterial nanocellulose is in the form of nanofib-
rils (25 nm in diameter), which agglomerate into 100 nm-wide
ribbons[188] and are produced by some bacteria. The fibrils have
a high degree of purity and crystallinity, have high mechanical
strength, can be used as is (without extra purification steps to re-
move lignin and hemicellulose, as opposed to CNFs and CNCs),
and can be easily molded into different shapes.[194,205,206] For each
type of nanocellulose, the quality of dispersion and interaction
with the surrounding water and biopolymer depend on a con-
trolled modification of the hydroxyl groups. Adding a second filler
to improve the scaffold’s mechanical properties was evaluated.
For example, boron nitride nanoplatelets were added to compen-
sate for a decrease in tensile properties after the incorporation of
bacterial cellulose in PVA.[202]

Post-printing methods to improve the mechanical properties
of the printed scaffold include the removal of some of the water to
increase the concentration of cellulose particles and the density of
hydrogen bonds between the hydroxyl groups. This can be done
by wet densification, during which a solvent such as ethanol, ace-
tone, or acetonitrile is added to the hydrogel.[141] Further water re-
moval can be achieved using freeze-drying.[189,193,201,207,208] Ionic
interactions can be generated between some divalent cations
such as calcium ion (Ca2+) and the biopolymer, like in the case
of alginate,[141,190,193,195,197–199,209] or between the cation and the
CNPs.[196] This is typically achieved by dipping the scaffold in a
solution containing the cation. Ionic interactions can also exist
between the cellulose particles and the biopolymer.[196] Cross–
linking of the scaffold can be the result of several covalent bond-
ing interactions such as i) matrix-matrix: alginate and gelatin,[195]

carboxymethyl cellulose and citric acid,[207] ii) matrix-cross-
linker: gelatin with glutaraldehyde,[191] or genipin[120–132,189–201]

or oxidized dextran,[192] iii) matrix-additives/plasticizers: silk and
glycerol.[189] Photopolymerization with UV light was also used to

cross–link methacrylated gelatin,[196] poly-lactic-co-glycolic acid
with polyethylene glycol,[208,209] methacrylated PLA particles with
methacrylated nanocrystalline cellulose,[202] or methacrylated
carboxymethyl cellulose.[210] Cellulose can also be cross–linked
by epichlorohydrin to form a percolating network.[211]

The interconnected pore structure is mainly defined by the
printing parameters, with some influence coming from the ex-
pansion or shrinking of the hydrogel due to intramolecular
interactions,[192] potential cross–linking,[192] freeze-drying,[201,208]

cryogelation,[202] or wet densification, and the presence of fillers
like cellulose nanocrystals.[192,208] The level of porosity also has a
direct influence on the mechanical performance of the printed
scaffold.

Small porosity at the surface of the scaffold can be typi-
cally created by the freeze-drying process.[189,207,208] Some sur-
face topography can also be related to the filler.[194,195,198,212] It
was observed that the topography of the scaffold surface at a
nanometer range was responsible for cell adhesion,[195,198,201]

growth,[195,201] proliferation,[195,196,198] migration,[201] and pheno-
type change.[201,212] It was shown that the addition of cellulose
nanocrystals to an alginate+gelatin hydrogel improved the hy-
drophilicity of the scaffold surface, which led to better cell ad-
hesion and bone growth.[190] Cellulose nanofibrils had a pos-
itive impact on cell viability.[199] The addition of bacterial cel-
lulose was responsible for improved cell adhesion on a PVA-
based scaffold.[203] Nanoclay particles added as a second filler
induced specific interactions with adjacent cells and promoted
their proliferation.[193] Surface treating cellulose with poly (glu-
tamic acid) and with adhered stem cells led to the growth of
bone tissue around a polycaprolactone-based scaffold.[204] Using
methacrylate gelatin created some specific interactions that im-
proved cell adhesion (in the case of fibroplasts[196]). Also, incor-
porating bioactive additives in a hydrogel containing nanocellu-
lose could promote tissue regeneration. The loading of platelet-
rich plasma in the scaffold helped with the healing of diabetic
wounds.[207] Hydroxyapatite enhanced cell viability.[194] Adding
particles of bioglass promoted collagen production.[141] It was
even reported that AM of a hydrogel containing living cells (stem
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cells,[199] human nasoseptal chondrocytes,[209] or primary human
mesenchymal cells[213]) did not significantly reduce cell viability.
Incorporating these cells in the hydrogel helped with faster tis-
sue growth and wound healing. Encapsulated proteins can toler-
ate the mixing and extrusion process associated with 3D printing
as well, and it was demonstrated that they could help with tissue
development and repair.[213]

8. Concluding Remarks and Future Perspectives

CNMs are highly promising for AM applications thanks to their
large surface area, biodegradability, and superior mechanical
properties, as discussed in this review. However, there are sev-
eral challenges that must be overcome before these materials
can be adopted on an industrial scale, including CNM agglom-
eration and their dispersion in thermoplastic polymer matrices
while preserving their nanofibrillar structure. Our review sum-
marizes past and ongoing efforts on the production and disper-
sion of CNMs into polymers, AM processes, and applications of
3D-printed CNM-based composites.

As discussed here, CNMs, especially CNFs, are mostly pro-
duced via mechanical fibrillation in water. Due to the extremely
high viscosity of CNF-water suspensions, they are produced at a
significantly high water content (97 wt.%). Therefore, they need
to be dewatered (dried) prior to incorporation into polymers,
which is extremely energy-intensive due to this very high-water
content. Furthermore, due to rich OH groups on the surface,
they irreversibly agglomerate, losing their nano-fibrillar structure
upon drying via conventional methods, which nullifies the whole
fibrillation process. The presence of strong inter-CNF interac-
tions due to hydrogen bonding further leads to their aggregation
in polymer matrices used for 3D printed nanocomposites which
are mostly hydrophobic albeit a few. Both experimental and mod-
eling studies have focused on addressing each of these specific
challenges for utilizing CNM-based materials across different
manufacturing techniques and applications. In this review, we
provided an overview of the implications of these independent
findings in the context of AM and how a combined multi-scale
modeling method and experimental approach would benefit the
rapid discovery and optimization of materials and AM processes
for CNM-based nanocomposites.

The fundamental water organization around CNMs, competi-
tive cellulose-cellulose versus cellulose-solvent interactions, and
thermodynamic barriers to aggregation and dispersion were pro-
vided by experiments (NMR, DSC) and MD simulations. Co-
solvents and CNM surface modifications have also been identi-
fied to overcome CNM aggregation for use as an AM feedstock.
CNM chains where the exposed C6 hydroxyl groups are modi-
fied to contain charged moieties (COO−, OSO3−) or functional
groups with increased hydrophobicity (OCOCH3) were shown to
reduce inter-CNM interactions and improve dispersion. A ratio-
nal choice of co-solvents systems to reduce CNM aggregation is
suggested: moderately polar aprotic solvents (such as THF-H2O,
GVL-H2O), or a mixture of hydrogen bond donors and accep-
tors (such as NaOH/urea/water, glycerol/water, acetone-water)
are expected to engage different cellulose surfaces and reduce
inter-fiber interactions. The NaOH-urea-water system containing
a strong base, and a small organic molecule acting as a hydrogen-
bond acceptor/donor reduced the inter-fibril contacts in a CNF

(CNC) bundle and led to a ≈21% reduction in fibrillation en-
ergy. CG simulations have played a pivotal role in understanding
CNM conformational dynamics in solution and predicting aggre-
gation behavior on a microsecond timescale significantly reduc-
ing computational costs. While design principles have been de-
rived from the current modeling-experimental fibrillation stud-
ies, an integrated approach can be exploited for large-scale, ac-
celerated solvent screening for CNM dispersion. All-atom and
CG MD-computed quantities such as inter-fibril/inter-CNF con-
tacts and energies (ΔG/ΔE) can be combined with thermody-
namic models to predict solvents with better physicochemical
properties (high solubility, viscosity, surface tension, hydrogen
bond donor/acceptor capabilities). Inter-fibril/inter-CNM con-
tacts, and energetics, can be correlated with solvent features and
subsequently used to train machine learning models to predict
solvents that improve CNM dispersion. The following factors
must be considered to perform high-throughput accurate MD
calculations in solvents: 1) selection of a representative CNM-
solvent system – 18- versus 36-chain nanofibrils, bundle sizes
(4–7 nanofibrils), and solvent concentration 2) appropriate
choice of atomistic forcefield parameters and optimization of
CG solvent-solvent and CNM-solvent interaction parameters as
needed, 3) choice of method to compute contacts and energies –
sampling time, free energy method, collective variables and con-
vergence criteria. Besides the high-throughput approach, future
multi-CNC/CNF (multiple 7-fibril bundles) MD simulations in
target solvents will provide insight into the thermodynamic and
kinetic barriers to CNM aggregation as well as elucidate long-
timescale aggregation dynamics. A potential future direction is
to first perform simulations with multiple CNF/CNC bundles
in solvents focusing on the crystalline part, which can then be
followed by incorporating amorphous fragments; this approach
could avoid the complexities and challenges in sampling the
heterogeneities. A combined high-throughput pipeline involving
modeling and fibrillation experiments is expected to improve the
dispersion of CNMs to facilitate their use as a feedstock in AM.

The optimization of both materials (polymer and CNM sur-
face modifications/additives) and processes for AM of nanocom-
posites on a large-scale is cumbersome as it involves laborious
experimental trial-and-error. While the methods for addressing
challenges associated with obtaining dispersed CNMs as AM
feedstocks are discussed above, improving matrix-filler interfa-
cial compatibility and mechanical strength can be achieved by
combining multi-scale modeling (all-atom, CG, and FEM) meth-
ods with pilot-scale 3D printing experiments. As discussed in the
review, all-atom and CG MD simulations have been used to iden-
tify interactions between the native/surface-modified CNM and
polymer functional groups, morphology, work of interfacial adhe-
sion, tensile stress–strain curves, and the accompanying changes
in morphologies. While MD simulations provide predicted ma-
terial properties and an understanding of the fundamental in-
teractions and energetics, they do not directly address the phys-
ical challenges with the AM process itself. Further, even ultra
coarse-grained simulations cannot capture properties and struc-
tural phenomena closer to macroscopic time scales such as ag-
ing, creep behavior, and defect formation including void and
crack propagation and growth on a large length scale (a few mi-
crometers to millimeters). The majority of the printing methods
covered in this review are extrusion-based methods, either melt
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extrusion deposition or DIW. It is important to note that while
CNMs are utilized to improve rheology and final part proper-
ties in many cases, their role as an enabler in the AM process
is perhaps more critical, especially in melt extrusion-based pro-
cesses. The addition of cellulose fibers does not only improve rhe-
ology, and increase zero-shear viscosity and yield stress, but it also
minimizes warpage/distortion of the part due to residual stress
buildup by improving thermal expansion and contraction behav-
ior and the stiffness of the material. Especially in large-scale AM,
it is almost impossible to print large parts using neat-polymer
resins: that is why fibers, such as carbon, cellulose, or glass fibers,
are added into the polymer feedstock. Nanoparticles can act as
nucleation points and promote crystallization, which in return
can impact the printing process negatively, creating further resid-
ual stress buildup. Optimizing the printing parameters and hy-
bridizing CNMs with larger-scale cellulose fibers has been shown
to overcome these issues.[136] Using CNMs and other cellulose-
based fibers as enablers in these processes eliminates the need
to use other high embodied energy, high-carbon-footprint fibers
and fillers such as carbon and glass fibers. Relative to these non-
bio-based fibers and fillers, CNMs have considerable environ-
mental benefits, including being biodegradable, non-toxic, re-
newable, and less energy-intensive during production.[9] Contin-
uum models, specifically FEA, are highly valuable in predicting
and optimizing parameters for the whole AM process. It can fur-
ther evaluate long-timescale mechanical, thermal, and transport
properties of nanocomposites. As described here, the majority of
the AM processes covered in this study include material extru-
sion, deposition, and retention of shape (i.e., preventing distor-
tion) and geometrical accuracy. The material system, dispersion
level, solids loading, glass transition temperature, crystallization
temperature, as well as processing variables like bed temperature
or cooling rate (in AM, this would be related to layer time, dis-
tance from the print head, etc.) all impact the whole printing pro-
cess and final part properties. Therefore, developing FEA models
that can predict the temperature profiles and distortion behav-
ior of different CNM–polymer material formulations at different
printing conditions will be extremely helpful in AM process op-
timization. As an example of FEA AM process modeling, Kim
et al.[214–216] reported a study on large-scale AM of carbon fiber–
ABS composites. Their work focused on measuring the funda-
mental thermal and mechanical properties of 3D-printed mate-
rial in all three directions (x, y, z) due to anisotropy. They incorpo-
rated that information into an FEA model to predict the temper-
ature profile during the printing process and then the distortion
behavior of the final printed part at different printing parame-
ters. This allowed toolpath optimization to minimize the residual
stress buildup and distortion controlling the printing parameters,
as well as, to some extent, the temperature profile. Although this
work focused on micro-scale cellulose fibers, there are FEA stud-
ies effectively predicting the viscoelastic properties of cellulose
nanofiber-based composites,[128–133] and the study above can be
extended to include CNM composites allowing printing process
optimization, and especially toolpath optimization.

For high-throughput manufacturing of CNM-polymer
nanocomposites, we discussed an integrated multi-scale
modeling-experimental approach where material properties
would be provided as inputs from MD simulations to the FEM
module. Input properties include but are not limited to bulk

density, polymer-filler composition, Young’s modulus, viscos-
ity, heat capacities, glass transition temperatures, and matrix
relaxation time. Screened candidates with optimal properties
from MD simulations and FEM predictions along with the
associated AM process parameters will then be prioritized for
pilot-scale experiments. There are several challenges that need
to be overcome to ensure the implementation and success of
this pipeline. While coarse-grained forcefields exist for cellulose
and some thermoplastic polymers, they need to be carefully
validated against the available literature data. For predicted
Young’s modulus, we note the strain rate could be relatively
higher in MD simulations than in experiments, requiring a scal-
ing factor if needed for a direct comparison with experiments.
The microstructure can greatly impact the melt rheology as
well as the reinforcing mechanism. For example, in the work
of Tekinalp et al.,[171] freeze-dried CNFs were found in bundles
rather than individual fibers, and the hydrogen bonding holding
these fibrils together as a bundle acted as a part of the reinforc-
ing mechanism, allowing the polymer to penetrate within the
bundle and creating mechanical interlocking. Such effects must
be considered in future nanocomposite simulations. As in the
case of MD simulations with solvents, to accelerate the process,
MD-computed properties for a representative CNM-polymer
system (interfacial adhesion, contacts) can be combined with the
literature data/database for matrix polymer properties[134,217] to
provide material properties for promising candidates to the FEM
models.

As discussed in this review, CNMs are well-known rheology
modifiers, even at small concentrations, and in the development
of AM feedstocks these materials have been shown to signifi-
cantly increase the viscosity of polymer melts and to change their
rheological behavior.[165] The role of CNMs as a rheology modi-
fier has not been limited to only thermoplastic composites, which
are required to be melted to flow: they have also been used in
many unique applications to modify the rheology of liquid resins
to convert them into 3D printable inks for the DIW process. In
addition to improving viscoelastic behavior for better printability
and dimensional stability in some applications, such as printed
scaffolds, CNCs have been utilized to improve electric proper-
ties, such as the dielectric constant and capacitance, in printed
electronics applications. Similarly, in other DIW studies, car-
boxymethylated CNFs have been utilized along with a conductive
polymer to print conductive foams for pressure sensor applica-
tion, while CNCs have been added into a hydrogel to improve the
hydrophilicity of the scaffold surface, which led to better cell ad-
hesion and bone growth. We further identified a few target appli-
cations where our design principle and pipeline can be applied to
improve the AM process. CNMs have been utilized in many dif-
ferent extrusion-based AM applications, either improving or en-
abling the printing process, improving final printed part proper-
ties, or adding additional functionality. Although they offer many
benefits both in terms of processability and performance, the
challenges to manufacture, dry, and incorporate them into ma-
trix materials remain and limit their wider industrial adoption—
especially in scaled-up applications. Although most of the MD
and FEA simulation studies are specific to certain material sys-
tems and compositions, they provide great overall guidance from
the manufacturing of the CNMs to the printing process and final
composite properties. Similarly, many different applications of
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3D-printed CNMs from electronics to biomedical applications,
from packaging to structural applications, have been reported.
While more research needs to be conducted to expand the scope
of these studies and cover wider material systems, they are all
promising and demonstrate the great potential of CNMs in AM
and many different applications. Furthermore, other applications
not included in this review due to our focus on AM may dramati-
cally speed up the adoption of the use of CNMs in composite and
AM applications. These include studies focusing on altering the
surface chemistry of CNMs to facilitate easier drying and better
polymer matrix interaction via lowering their hydrophilicity; the
development of low-water or waterless fibrillation approaches;
and innovative drying technologies that can eliminate/minimize
agglomeration. With all these improvements, and unlike other
nanomaterials, CNMs, and especially CNFs, are targeted to be
available at commodity prices (i.e., <$5 lb−1) and thus accommo-
date wide industrial adoption.
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