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ABSTRACT: In nature, cellulose nanofibers form hierarchical

structures across multiple length scales to achieve high- At Soneot

performance properties and different functionalities. Cellulose & t Foam/Aerogel
nanofibers, which are separated from plants or synthesized %‘Q’o = \‘

biologically, are being extensively investigated and processed \’:p lon Transport
into different materials owing to their good properties. The Aligned CNF p

alignment of cellulose nanofibers is reported to significantly ’~

influence the performance of cellulose nanofiber-based materi- Aﬁ’ 2 glomedical
als. The alignment of cellulose nanofibers can bridge the oo’ i ‘

nanoscale and macroscale, bringing enhanced nanoscale Nanocomposites

properties to high-performance macroscale materials. However,
compared with extensive reviews on the alignment of cellulose
nanocrystals, reviews focusing on cellulose nanofibers are
seldom reported, possibly because of the challenge of aligning cellulose nanofibers. In this review, the alignment of cellulose
nanofibers, including cellulose nanofibrils and bacterial cellulose, is extensively discussed from different aspects of the driving
force, evaluation, strategies, properties, and applications. Future perspectives on challenges and opportunities in cellulose
nanofiber alignment are also briefly highlighted.
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components to construct hierarchical structures to properties to wood.

achieve high-performance properties and different Cellulose nanomaterials (CNMs) can be separated from
plant or animal tissues using mechanical fibrillation combined

with chemical or biological treatment.’™ These separated
structures include cellulose nanocrystals (CNCs, also referred
to as “cellulose nanowhiskers” or “nanocrystalline cellulose”)
and cellulose nanofibrils (CNFs; sometimes, micro- or
nanofibrillated cellulose is also used). CNCs are rigid, rod-
disordered and crystalline regions. These semi-crystalline shaped particles with dimensions of 100—200 nm long and 5—
structures further assemble with disordered components into

Various living organisms in nature use nanoscale multiple length scales and helps impart exceptional mechanical

functionalities.”> These nanoscale components are well
assembled and fully exploit the material characteristics of
each component. In wood and other plants, repeating f-(1,4)-
linked D-glucose units form cellulose polymer chains and
assemble into semi-crystalline structures (2—S nm) with

nanofibrils, which have a diameter ranging from 20 to 100 nm. Received: September 9, 2020
The nanofibrils are mainly oriented along the longitudinal Accepted: January 21, 2021
direction of the cell and further form 2D laminar or 3D Published: February 18, 2021

helicoidal structures. These 2D laminar structures combine

with lignin and hemicellulose to form the cell wall in plants.
This complicated hierarchical structure assembles across
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20 nm wide.* CNFs are fibril structures with a length of >1 ym
and width of 5~200 nm.* CNCs and CNFs are mainly isolated
from plants, such as wood and bamboo, but can also be
obtained from some animal tissues, such as tunicates.* In
addition to CNCs and CNFs, bacterial cellulose (BC)
generated by bacteria such as Acetobacter xylinum through
biosynthesis also represents an important type of CNMs. BC
has a length up to several micrometers and width around 25—
86 nm.’

CNMs have received significant attention in recent years
owing to their good properties, including sustainability, light
weight, and high mechanical properties.””'> CNMs can be
processed into multiple architectures, such as films, fibers,
aerogels, and hydrogels, which has led to the investigation of
these materials for various applications.””'* Studies have
shown that the performance (eg, mechanical properties) of
macroscale nanocellulose materials, including their toughness
and strength, highly delpends on the degree of the cellulose
nanofiber alignment."*”"® Meanwhile, inspired by the assembly
behavior of cellulose nanofibers in nature, researchers are also
trying to mimic the assembly process to achieve the desired
properties that exist in nature. The goal of aligning nano-
cellulose is to impart the excellent nanoscale properties, such as
stiffness and strength, to a macroscale material.

In this review, the alignment of the cellulose nanofibers,
including CNFs and BC, is extensively reviewed. First, the
driving forces and evaluation of cellulose nanofiber alignment
are discussed. Second, strategies to induce cellulose nanofiber
alignment are summarized based on bottom-up and top-down
methodologies. Third, different applications of aligned
cellulose nanofibers are reviewed. Finally, future perspectives
and concluding remarks are given. Alignment of CNCs is not
included in this review, because it has been extensively
reviewed by different researchers,'>~'” whereas the alignment
and self-assembly behavior of CNFs and BC have received less
attention. Compared with CNCs, aligning of CNFs and BC is
much more challenging because of their long length and fiber
network formation (or entan§lement). Additionally, as
reported in some literature,'*™"" microfibrillated cellulose
(MFC) or cellulose microfibers are used. As long as one
dimension is within the nanometer scale and it has fibrous
structure, we included in this review.

WHY ARE ALIGNED CELLULOSE NANOFIBERS
NEEDED?

The alignment of cellulose nanofibers is important for
nanocellulose-based materials. The driving forces behind
these efforts are to allow for control of the macroscale
properties. Here, we illustrate some of the motivations for
pursuing aligned CNFs and BC, including the need for
anisotropic properties; balancing stiffness and strength in
structural materials; maximizing reinforcement efficiency in
fiber-reinforced composites; and advancements in biomaterials.
Of course, there are some other factors that drive the efforts to
align cellulose nanofibers to achieve better performance. The
overall motive behind these efforts is to achieve the optimal
macroscale performance that can fully exploit the excellent
properties of cellulose nanofibers.

Anisotropic Properties. Anisotropic properties exist in
many materials, such as anisotropic optical properties of liquid
crystals,”” anisotropic conductivity of carbon nanotubes
(CNTs),” and anisotropic mechanical properties of wood,”*
and have been used in materials design. Numerous efforts to
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make cellulose nanofiber-based materials through control of
the alignment to realize anisotropic properties in macroscopic
materials have been reported. Hu et al. developed a transparent
cellulose nanofiber-based film through alignin§ cellulose
nanofibers with anisotropic mechanical properties.”> Moreover,
these anisotropic films could provide a substrate for liquid
spreading preferentially in the cellulose nanofiber-oriented
direction. Another example is cellulose nanofiber-based heat-
spreading substrate materials for effective cooling in paper
electronics, to help avoid thermal failure.”® One challenge is
the development of heat-spreading substrates with in-plane
anisotropic thermal conductivity. Research efforts have shown
that in-plane anisotropic thermal conductivity of nanopaper
could be realized by controlling the alignment of cellulose
nanofibers.””*® Additionally, other interesting nanocellulose
fiber-based materials with anisotropic properties have also been
developed, such as paper-based sensors,”” hydrogels,””*" and
aerogels.”

Structural Materials. The elastic moduli of highly
crystalline fibrils are around 150 and 18—50 GPa in the
longitudinal and transverse directions, respectively.”>™>”
However, the macroscale materials made from CNFs, such
as film and filaments, are not as stiff as the nanoscale fibers,>*>°
leaving unmatched potential compared with individual CNFs.
Various strategies have been developed to improve the
mechanical properties of these CNF-based materials; one
promising strategy is to preferentially align CNFs along a
preferential direction in the bulk materials. Bulk cellulose fiber
made from highly aligned CNFs can be as strong as glass fiber
and as stiff as Kevlar in the fiber alignment direction.””*®
However, the strength in the direction perpendicular to the
alignment is relatively lower compared to that in the parallel
direction, and the tear strength is poor,39'40 due to the
anisotropic elastic properties of cellulose fibers."" This can be
solved by stacking the aligned fibers together in preferential
directions to achieve high strength in different directions.*”
Through utilizing the highly aligned CNFs in wood, Hu et al.
demonstrated a “superwood” to be used as a potential
lightweight structural material.*” This material achieved a
specific strength of 451 MPa cm ™ g~', which is much higher
than that of structural metals and alloys. One challenge for
structural materials is how to achieve high strength and
toughness at the same time.” In general, tough materials are
not strong, and strong materials are not tough. However, in
nature, many tough and stiff materials exist through formation
of complicated hierarchical structures, such as nacre.”* Some
efforts on the assembly of CNFs into hierarchical structures to
mimic natural materials have yielded strong and tough
materials. For instance, strong and tough cellulose macrofibers
were developed by aligning CNFs during the spinning process
with the assistance of magnetic/electric fields or mechanical
stretching.>*> Geng et al. also reported very strong and tough
nanocomposites reinforced by aligned poly(ethylene glycol)
(PEG)-modified CNFs.*® Therefore, effective alignment of
CNFs in the macroscale materials could achieve strong and
stiff structural materials.

Fiber-Reinforced Composites. Cellulose nanofibers are
stiff, have a high aspect ratio, are abundantly available, are
renewable, and are good for polymer composites reinforce-
ment to achieve high mechanical performance.””*~* For
cellulose nanofiber-reinforced composites, dispersion and
interfacial adhesion are primary concerns.”’ Additionally, the
orientation or alignment of the cellulose nanofibers signifi-
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Figure 1. (a) XRD diffractograms of cellulose nanofiber. (b) WAXS patterns of CNF-based materials. Adapted with permission from ref 61.
Copyright 2015 American Chemical Society. (c) Schematic representation of the birefringence technique. Adapted with permission from ref
79. Copyright 2017 Springer Nature. (d) The process to produce the orientation index map using BOIL Reused with permission from ref 81.

Copyright 2019 Springer Nature.

cantly influences the performance of the composites, similar to
most fiber-reinforced composites. However, fiber alignment in
polymer composites is not yet fully realized. The orientation of
cellulose nanofibers in polymer materials is scientifically and
technically challenging. Stretching-induced alignment of BC
could significantly improve the mechanical properties of BC—
soy protein composites by 275% in tensile strength and 300%
in tensile modulus compared with randomly oriented BC.>!
Similarly, improvement in composite mechanical properties by
aligning CNFs has also been observed in other studies.”” ™"
Biomaterials. Cell alignment exists widely in tissues and
organs, such as extracellular matrices (ECMs) in tendons and
bones.””*° How to in vitro engineer cell alignment is one of the
essential research topics for biomedical applications.’” Cells are
usually cultured in vitro on substrates, and the morphology of
the substrates strongly influences the cell adhesion and
orientation, since cells can replicate the morphology of the
substrate. Different patterning methods have been developed
to create patterned substrates for cell culture.’® The
importance of the substrate’s pattern in cell culture originates
from the significance of cell alignment,57 which is critical in
various cell behaviors, such as ECM remodeling, cytoskeleton
reorganization, and tissue regeneration. One strategy to
engineer the cell alignment is topographical patterning,
which uses patterns on the substrate (e.g, fibrous scaffolds)
to align cells.”” Tseng et al utilized an electrospun fibrous
substrate to regulate cell alignment and found that cells
preferentially aligned along the direction of the scaffold fiber
alignment.”” Cellulosic nanomaterials are biocompatible and
have high water retention capabilities,”” which are desirable
qualities in biomaterial applications (i.c., substrates for cell
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growth). Therefore, the alignment of CNFs is important for
the use of CNFs in biomaterials.

ALIGNMENT EVALUATION

Different methodologies have been used for evaluating the
alignment of cellulose nanofibers, such as scanning electron
microscopy (SEM),”'~* atomic force microscopy (AEM),*®
Raman spectroscopy,‘%’67 polarized optical microscopy
(POM),*® small- and wide-angle X-ray scattering (SAXS and
WAXS),*””* and birefringence measurement.”' Both qualita-
tive and quantitative means have been applied to evaluate the
alignment of cellulose nanofibers formed from various
processes. In most cases, a combination of qualitative and
quantitative analyses is used for a scientifically sound
discussion of the alignment process. Here, some widely used
strategies are discussed. Readers interested in gaining a deeper
understanding of the characterization of CNMs are referred to
an extensive review by Foster et al.”?

X-ray scattering, including SAXS and WAXS, is most
commonly used to evaluate the fiber alignment quantita-
tively.*>°"*>73=7> An orientation index (f.) calculated from X-
ray scattering data is widely accepted to quantify the fiber
alignment. The principles of SAXS and WAXS can be found in
other sources.”® Samples are first scanned by X-rays
perpendicularly at a chosen angle range to yield a diffraction
pattern. The diffraction pattern shows the crystallographic
lattice planes of the sample. The angle, corresponding to the
lattice plane of highest diffraction intensity, is often selected for
a second scan, referred to as an azimuthal scan. For cellulose,
the lattice plane of (200) (Figure la) is widely used for the
azimuthal scan. The azimuthal scan checks the sample in
parallel at 360° to produce diffraction patterns (Figure 1b),
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which are integrated to generate a distribution of diffraction
intensity (I(®)) vs azimuthal angle (®) for quantifying the
alignment of the fibers. The ordered parameters (S) can be
calculated using the following equations:’ """

4 = 180° — fuhm
¢ 180° (1)
3 cos’ D, -1
§=_ " °= -
2 @)
2 2
cos" @, =1—2cos” Dy, (3)
) Zg I(®) sin ® cos” @
cos” @y, = I3 -
20 [(®) sin @ (4)

where f, is the orientation index, fwhm is the full width of the
half-maximum of the azimuthal profiles from the selected
equatorial reflection, S is the Herman’s order parameter, ® is
the azimuthal angle, and I(®) is the intensity distribution
along the Debye—Scherrer ring. A value of S = 0 means the
cellulose fiber is randomly oriented, while S = 1 indicates a full
fiber alignment.

Birefringence from optical anisotropy and refractive index
differences can also be used to calculate the degree of the fiber
alignment. Birefringence captured by POM offers a cost-
effective, quantitative way of evaluating fiber alignment when
combined with image processing software, such as Image].””*’
The fiber is placed between linear cross polarizers and rotated
to identify the position with minimum light intensity (Figure
lc). Such a location is taken as 0°. The maximum light
intensity of the fiber should appear by rotating the fiber 45°.
Both micrographs at the dark field of 0° and bright field of 45°
are taken and loaded into Image] software to extract pixel
intensity of the background and the fiber. Besides being simple
and inexpensive, authors claim the birefringence method is a
more accurate measurement of the order parameter because it
considers both the crystalline and disordered contributions to
the measured fiber orientation, rather than just the crystalline
contribution determined by the WAXS method.””®" Similarly,
Ghasemi et al. developed the birefringence orientation index
(BOI) (Figure 1d) based on the interference color changes
between two angles (+45° and —45°) to map the fibril
orientation in CNF films.”" The proposed BOI values range
between —1 and +1, differentiating orientation in perpendic-
ular directions. The results suggested that the BOI works
successfully for CNF films and is also applicable in the
measurement of polymer chain orientation in polyvinyl

chloride films.
STRATEGIES TO ALIGN CELLULOSE NANOFIBERS

The properties achieved in cellulose nanofiber bulk materials
by tuning the alignment of cellulose nanofibers lead to the
development of different strategies, including bottom-up and
top-down strategies, to align cellulose nanofibers. Bottom-up
strategies align cellulose nanofibers by assembling nanoscale
fibrils into ordered macroscale materials. The bottom-up
strategy provides tunability of the cellulose nanofiber align-
ment and can control the hierarchical structure in the
macroscale materials. Bottom-up strategies include magnetic
and electric fields, liquid state shear and extensional methods,
drawing processes, templating effects, and spinning, or a
combination of them. These strategies will be discussed
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separately in this review. Contrary to the bottom-up strategy
that starts from the nanoscale fiber, the top-down strategy
directly utilizes the hierarchical structure of a plant, such as
wood, where CNFs are already well aligned by plant growth.
The top-down strategy usually requires chemical treatments to
partially or fully remove lignin and hemicellulose.*” Top-down
strategies provide a well-aligned CNF structure in bulk
materials. Both bottom-up and top-down strategies have
been extensively investigated to achieve high-performance
materials. Table 1 summarizes some examples of both
strategies.

BOTTOM-UP STRATEGIES TO ALIGN CELLULOSE
NANOFIBERS

Magnetic and Electric Alignment of Cellulose Nano-
fibers. Magnetic Field Alignment. Diamagnetic fibers with
magnetic anisotropy can be aligned in strong magnetic fields, if
they are suspended in a medium that allows non-restricted
alignment.'” The direction of such alignment depends on the
nature of the magnetic anisotropy of the fibers; for fibers with
positive diamagnetic anisotropy, the alignment will be along
the magnetic field direction, whereas fibers with negative
diamagnetic anisotropy, such as CNFs, will align in the plane
perpendicular to the magnetic field direction.'” If the
alignment is obtained on a 2D substrate, the rotation of fibers
will be limited by the substrate, leading to unidirectional
alignment perpendicular to the magnetic field direction.** Kim
et al. evaluated the alignment performance of CNFs produced
from cotton using a strong magnetic field of 5.3 T and reported
that alignment of CNFs was achieved after 180 min.*’

Magnetically aligning cellulosic fibers is achievable at various
fiber size scales from millimeters (pulp fibers) to nanometers.**
For larger pulp fibers that are naturally twisted and bent, a
relatively good alignment can be achieved but even the
strongest magnetic fields applied are unable to fully stretch the
fibers. The alignment needs to be maintained once achieved.
This can be done by simply evaporating the suspending
medium (mostly water) or replacing the medium with a
curable (usually UV-curable) resin that can cure after
alignment is achieved to fix the fiber orientation in the desired
direction. Both static and rotational magnetic fields can be
used for cellulose fiber alignment, with rotational magnetic
fields usually yielding better results.'”**

A high magnetic field strength is required (up to 20 T) to
orient diamagnetic cellulosic fibers.'”’ Efforts have been made
to deposit superparamagnetic magnetite particles on the
surface of wood pulp and then align them using regular low-
strength magnets (0.18 T strength).100 The concentration of
magnetic pulp fibers and the deposition speed affected the
efficiency of orientation. To increase fiber—fiber interaction
and produce stronger sheets, partial dissolution of fibers using
an ionic liquid can be carried out.'""

Electric Field Alignment. Similar to magnetic field align-
ment, an electric field can also be used to induce orientation in
cellulosic fibers. The fiber orientation will be in the direction of
the applied electric field. The electric field orientation of
cellulosic fibers was studied by Bordel et al.,'** in which multi-
scale cellulosic fibers ranging from ramie fragments to CNCs
were aligned using electric fields of up to 2000 V/cm. When
the cellulosic fibers are at the micrometer scale, Brownian
motion will not affect them after the electric field is turned off,
but nanoscale fibers might lose their orientation because of the
Brownian motion and need to be fixed. The main processing
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Figure 2. (a) Experimental setup for fabricating isotropic TPU/TOCNF sample by applying an electric field. POM images of the alignment
of TOCNFs in the TPU matrix under (b) 100, (c) 500, (d) 1500, and (d) 2000 V electrical fields at 100 Hz for 30 min. The scale bars in the
images are 500 mm. Adapted with permission from ref 86. Copyright 2017 Elsevier. (f) Schematic diagram of the experiment for TOCNFs’
alignment by magnetic and electric fields. (g—j) SEM images of cellulose fiber surface with energy field directions. Scale bars in the images
are 10 ym. Adapted with permission from ref 13. Copyright 2019 Springer Nature.

parameters controlling the electric field alignment of CNFs are
electric field magnitude, frequency, and duration of application.
Moreover, material properties, including concentration and
surface charge, are also important variables influencing the
efficiency of electric field alignment.®

To maximize the reinforcing efficiency of CNFs in polymers,
2,2,6,6-tetramethylpiperidine-1-oxy radical (TEMPO)-oxidized
CNFs (TOCNFs) were aligned under an electric field in a
thermoplastic polyurethane (TPU) matrix.* A mixture of
TOCNFs and TPU in dimethylformamide (DMF) was
prepared, and then the mixture was subjected into an AC
electric field to induce the alignment (Figure 2a). The degree
of alignment of the TOCNFs increased with increasing electric
power (Figure 2b—e). Moreover, the subsequent polarization
of the fibers was reported, leading to increases up to 2.07 and
1.82 times in tensile strength and elongation at break in the
parallel direction of alignment when compared with those in
the perpendicular direction.’® Similarly, an electric field-
induced assembly and alignment of silver-coated CNFs in
poly(dimethylsiloxane) (PDMS) has been reported.*” The
suspensions were solution-cast between two electrodes, and
orientation along the thickness direction was induced using the
application of an electric field, leading to improved dielectric
permittivity and anisotropic optical properties.

3650

An electrical field can also be used to control the motion of
bacteria and further induce the alignment of BC. Sano et al
reported a highly oriented BC network produced by
Acetobacter xylinum by controlling the electric field.'"” By
controlling the electrokinetic forces, the authors directed the
bacteria while producing BC, to obtain a BC hydrogel with
customized 3D morphology with aligned BC. A similar
approach was reported to work well for BC production by
Gluconacetobacter xylinus in the presence of DC electric
fields."""

Combination of the Magnetic and Electric Fields. A
combination of magnetic and electric fields can be used to
achieve highly oriented cellulose nanofiber materials. When
these methods are used together, they can enhance the
alignment efficiency. The combined magnetic and electric
fields (Figure 2f) were applied to wet-spun TOCNF fibers to
improve orientation and mechanical properties."> The SEM
results (Figure 2gh) show the improved alignment of
TOCNFs under combined magnetic and electric fields
compared with others. Although the f. is only marginally
increased from 0.56 to 0.61, when an electric field of S0 V/cm
was added to a magnetic field of 5 T, 84 and 125% increments
in tensile modulus and strength were observed, respectively.

Liquid-State Shear and Extensional Methods. Shear
and extensional force-induced alignment is well known in

https://dx.doi.org/10.1021/acsnano.0c07613
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Table 1. Comparison of Different Alignment Strategies

cellulose
alignment methods nanofibers®  evaluation”
magnetic field CNF SEM, XRD
CNF POM
electric field CNF, oM
TOCNF
CNF POM
CNF? OM, SEM
liquid-state shear and liquid flow CNF SAXS, POM
extensional methods TOCNE SEM, SAXS
4 )
WAXS
CNF SEM, SAXS
dynamic and CNF SEM
static casting
TOCNF POM
TOCNF SEM, TEM
spinning-induced dry spinning CNF SEM, WAXS
alignment wet spinning TOCNE  SEM, WAXS
BC SEM, WAXS
electrospinning ~ MFC SEM
BC SEM
drawing process CNF XRD
TOCNF Raman, XRD
TOCNF®  POM, SEM,
AFM, XRD
CNF SEM, WAXS
templating effects TOCNF micro-CT,
SEM
BC SEM
top-down strategy CNF SEM, WAXS

f. (8)° outcomes ref
N/A fiber aligned perpendicular to the field in film 83
fiber and patterns aligned with chiral nematic domain in 84
film
N/A fiber aligned along the electric field lines in silicone oil 85
aligned in thermoplastic polyurethane, improved tensile 86
strength and elongation at break of nanocomposites
fiber aligned in films, enhanced dielectric permittivity and 87
anisotropic light transmission
0.46 CNF aligned in filament 88, 89
0.92 (0.70)  fiber aligned in filaments, achieved high specific strength 69
and stiffness
(0.39) 70
N/A fibrils partially aligned along the casting direction, higher 90
casting speed results in better alignment
self-aligned into chiral nematic nanopaper with 91
birefringence difference
fiber aligned in bulk materials, including hydrogel, aerogel, ~ 92
and film
0.68 fiber aligned in filament, improved tensile strength and 61
072 elastic modulus 33
0.69 (0.63) 75
N/A fiber aligned in electrospun composites 93
94
N/A improved fiber orientation 95
aligned along draw direction, improved tensile strength and 96
elastic modulus
fiber aligned in PLA composites, improved tensile strength 46
and toughness
fiber aligned in filament, improved tensile strength and 62
elastic modulus
N/A 3D anisotropic aligned architecture, improved compressive 97
stress and elasticity
fiber aligned in BC hydrogel 98
N/A fiber aligned in macroscopic materials (e.g, film, gel) with 42, 99

high performance

“MFC, microfibrillated cellulose. bXRD, X-ray diffraction; OM, optical microscopy; TEM, transmission electron microscopy; micro-CT, micro-
computed tomography. 7, orientation index; S, order parameter. ¥Silver-coated CNF. “Poly(ethylene glycol)-grafted TOCNF (2,2,6,6-
tetramethylpiperidine-1-oxy radical oxidized CNF). FCombined with spinning. *Combined with hot drawing,

many material systems, as these forces are inherent in many
processes, such as extrusion, tape casting, or fiber spinning.
The paper-making process, such as the Fourdrinier machine, is
a common commercial example of this alignment method.'”
High aspect ratio particles such as CNFs can orient parallel to
the flow direction in shear or extension, so some level of
preferential alignment or degree of orientation is often
expected. Processes are often intentionally designed to
optimize the conditions that produce alignment to achieve
beneficial effects on materials properties, such as anisotropy.
Achieving flow-induced alignment in CNF and CNEF-
composite materials depends on various factors, including
the particle length, type, and concentration, which are
important in determining the solution’s viscosity. Because of
the high entanglement density of CNFs, broad length
distribution, and particle—particle interactions, CNF solutions
exhibit higher viscosity than their rod-like CNC counterparts.
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Although many studies have demonstrated alignment in CNC
materials, CNF alignment is a more complex process and thus
a comparatively less researched topic. The next section
discusses various alignment strategies in which shear and
extensional forces are the primary means of obtaining CNF
alignment in neat and composite CNF materials. These
strategies include liquid flow, dynamic and static casting (roll-
to-roll, tape casting, evaporation), and extrusion methods.
Liquid Flow. Liquid flow is a precursor in many processes,
and understanding how orientation occurs through a channel
could be beneficial in creating aligned CNF structures. For
instance, there are several examples of shear stresses inside a
die facilitating alignment before solidification in wet-spun CNF
fibers (as evidenced by the orientation of as-spun fibers).
Additionally, extensional forces capable of elongating and
aligning CNFs occur during flow-assisted strategies for fiber
formation,'>7¥%%8%196 Becayse alignment occurs through
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Figure 3. Flow-assisted formation of CNF fiber reproduced from Mittal et al.* (a) Schematic of channel and nanofiber path (rotational and
translational motion of nanofibers shown adjacent). SEM images of (b) alignment along fiber direction and (c) fiber cross-section. Scale bars
in (b) and (c) are 3 pm, and insets are 400 nm. Reproduced with permission from ref 69. Copyright 2018 American Chemical Society.

rotation and translation of nanoparticles in solution, CNF
orientation in different flow configurations has been studied by
several researchers.””*”'%71% Rosen et al. studied the
orientation of CNFs (and CNCs) in dilute and semi-dilute
concentrations under confined flow. At low flow rates, semi-
dilute CNFs were relatively aligned, but at higher flow rates,
alignment appeared to become independent of flow rate. For
CNFs, the lack of dependence on flow rate at high flow rates
could be due to self-entanglement or fibrillar entanglement,
which can cause bundles to rotate with local vorticity rather
than elongating and orienting in the direction of flow. CNFs
are flexible, long nanoparticles which feature a large disordered
region that imparts deformation-induced bending or folding at
high shear rates due to the presence of physical kinks and fiber
dislocations. Moreover, under shear, particles perpendicular to
the direction of shear will rapidly orient parallel to the
direction of flow but can tumble or flip faster than in pure
extensional flow, resulting in earlier loss of alignment.89
Likewise, modifying CNFs’ length can result in more easily
aligned nanoparticles but can also lead to more rapid relaxation
and disorganization due to the higher diffusivity of smaller
nanoparticles.”” Electrostatic fibril interactions did not appear
to significantly affect the rotational diffusion process.*’
Alignment in flow-assisted methods depends on the
relationship between the time scales for alignment, diffusion,
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and solidification.*”” Modifying parameters that change one

or more of these time scales (e.g, ion exchange or particle
length) will likely affect the overall orientation.””® The work
by Mittal et al. is extremely informative on the importance of
balancing Brownian motion, intermolecular forces like electro-
static repulsive forces,”” and mechanical entanglement to
achieve highly oriented CNFs. In the flow-focusing method
developed by Mittal et al. (Figure 3), a TOCNF slurry in a
channel was subjected to two crossflows: first, deionized water
to direct the nanoparticle stream, and second, an acidic
solution to trigger protonation of surface carboxyl groups and
begin fiber consolidation by reducing electrostatic repulsion of
the nanofibers. Shear flow helps initially align the CNFs when
the core flow enters the channel at 4.1 mL/h, but extensional
flow is dominant once the CNF stream is subjected to the first
and secondary crossflows, 4.4 mL/h and 24.6 m/h. The net
effect is a higher packing order, low porosity, and high
alignment of TOCNFs, attributed mostly to extensional forces
present in flow-focusing channels like the one employed.*”*’
Between the CNFs tested, CNFs with larger lengths (590 nm)
exhibited slightly higher local ordering on average during
processing compared to the smallest (391 nm long) due to the
longer rotary diffusion times of larger particles. Consequently,
CNF macrofibers composed of larger CNFs (590 or 683 nm
long) exhibited higher order parameters (0.7 for CNFs 590 nm
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ACS Nano 2021, 15, 3646—3673


https://pubs.acs.org/doi/10.1021/acsnano.0c07613?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07613?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07613?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07613?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07613?ref=pdf

ACS Nano

www.acsnano.org

(a) (b)

Syringe with CNFs Syringe pump

Heat Gun

\
\!

Motor

CNF filament ——>

%

Strainer
High voltage
(c) 2 *)
()
Jet
& |
Collector | 1N
7\'\' " Taylor Syringe
\__/||llt cone

High pressure
pump

E Different lengths of
W, extrusion capillaries

Coagulation bath

(d) spinneret

I n\\\\\\\\\\\\\\‘- "y

Precompounded
pellets
containing
nanocellulose

n\\\\\\\“‘\\‘ S

4= |nert gas

Figure 4. Schemes of different fiber spinning processes: (a) Dry spinning. Reproduced from ref 119 under terms of the CC-BY license.
Copyright 2017 MDPI. (b) Wet spinning. Reproduced from ref 74 under terms of the CC-BY license. Copyright 2017 Springer Nature. (c)
Electrospinning. Adapted with permission from ref 122. Copyright 2015 Institute of Food Technologists. (d) Melt spinning. Reproduced

with permission from ref 123. Copyright 2014 Springer Nature.

long), which translated to greater strength (~1200 MPa) and
stiffness (50—70 GPa), while the shorter CNFs (391 nm)
exhibited a low order parameter (0.53) and comparatively low
mechanical strength (630 MPa) and stiffness (45 GPa).”’
Orientation can also be induced during the synthesis of
nanoparticles.'””"'* Luo et al. reported a method to induce
alignment of BC for application in tissue engineering.'”” They
used a fermenter equipped with a rotating blade which forces
the bacteria to move along the outside of the cylinder in one
direction; consequently, the BC grew along the path of
rotation, where the velocity at the wall was 30, 90, or 150 mm/
s. While the highest alignments were obtained by increasing
the velocity at the wall, the production rate and crystallinity
index of the BC decreased. The maximum production rate
decreased from ~SS to 25 mg/mL (55% change), and the
crystallinity dropped from 91% to 77% for the fastest velocity.
Krystynowicz et al. observed a similar effect on the production
rate in their investigation of velocity on BC cultivation.""'
Dynamic and Static Casting. Shear stresses can be high
enough in solvent-casting methods to generate some
preferential alignment. Pahimanolis et al. developed a tape-
casting method to create carboxymethyl cellulose (CMC) and
non-oxidized CNF nanocomposite films and explored the
effects of casting speed (0.3 and 1.9 m/s) and CMC content
(up to 30 wt%) on CNFs’ alignment.”® At the highest casting
speed, the authors observed that CNF/CMC tape alignment
increased because of the higher shear stress created at the
interface, with this effect being most pronounced for the
highest CMC concentration; the CMC is thought to have a
lubricating effect on CNF bundles.”” In CNC/poly(vinyl
alcohol) films produced roll-to-roll, the opposite was shown,
suggesting that a critical concentration (above 50%) of the
smaller aspect ratio CNCs was needed to obtain alignment in
coatings."'* If and at what aspect ratio this transition in
behavior occurs for CNFs is an area for future study, as CNFs
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can exhibit a wide range of aspect ratios and considerable size
polydispersity. However, the overall order obtained by tape
casting (f. of 0.05 maximum) was comparatively low compared
to those obtained with other processes, potentially due to
relaxation of the film during the drying process or insufficient
shear force.”” Roll-to-roll processing of CNFs has been
investigated as well. "3 In addition to CNF content (1 or 2
wt% CNFs depending on the feeding pressure of the die),
CMC was investigated as an additive, but in small amounts (10
pph maximum), which as used to reduce the viscosity of the
CNF solution. However, high production rates, where shear
rate on the material would also be high, were not possible due
to the high water content of solutions, and instead the
production rates obtained (0.02—0.5 m/s) were comparable to
those obtained with the tape-casting method. While the slot
gap die (500—1000 pm) was varied to meter coating thickness,
it limited the maximum coating speed for the material, as the
coating had to dry. While roll-to-roll processing has been
successfully demonstrated to induce alignment along the
rolling direction in CNC coatings, orientation in CNF coatln s
produced by this method has not been studied explicitly.'"*
Balancing water content and composition to obtain low-
viscosity solutions for processing, but that do not inhibit higher
production rates that would result in larger shear forces on the
material, is still a challenge for CNFs and a barrier to
developing scalable technologies for these materials.
Although casting methods such as roll-to-roll and tape
casting hold practical significance as scalable processes, the
static casting of CNF solutions followed by evaporation has
provided some valuable insights into the governing parameters
for facilitating self-induced alignment in CNFs. Uetani et al.
studied the formation of “coffee-rings” in evaporated droplets
and spray-dried morphologies for rod-like tunicate CNCs and
CNFs having very similar zeta potential values.'"> Although
evidence was qualitative, SEM images of the CNCs exhibited
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an ordered outer ring, with CNCs running parallel to each
other and the outside band. Conversely, the CNF coffee ring
did not exhibit strong evidence of self-organizing behavior. As
mentioned earlier, this may be attributable to the longer
diffusion times of long CNF particles. Other studies have
shown that evaporation/condensation of CNFs can exhibit
self-organizing behavior.””” Uetani et al. observed self-
organization of a chiral nematic phase during evaporation
and identified the concentration at which the onset of self-
organization began at the surface where evaporation was
occurring.9 !

Spinning-Induced Alignment. Fiber spinning comprises
an array of fiber formation processes that produce continuous
filaments."'® Because of the commercial importance of fiber
spinning technologies in macroscopic filament production,
spinning-induced alignment of CNFs will be discussed in
detail. Spinning methods typically include solvent spinning and
melt spinning (Figure 4), where solvent spinning can be
categorized into dry spinning, wet spinning, and electro-
spinning."'” As a common starting material, polymers are
melted or dissolved in solvents to form spin dopes. These spin
dopes are then forced through a needle, die, or spinneret to
form a continuous string. The solidification mechanism
depends on the processes: for melt spinning, solidification
occurs during cooling; in dry spinning, it occurs through
solvent evaporation; and in wet spinnin%, it occurs by
precipitation of the filament in an antisolvent.''” The extrusion
involved in spinning provides early-stage alignment of the
fibers.%® Further alignment stems from the filament stretching,
where a rate difference exists between the collector speed and
the fiber slpinning speed, or simply by a post-process cold
drawing.’>""® Factors influencing the properties of spun CNM
filaments cover both material-related parameters (additives,
CNM source, pretreatment method, solid volume fraction,
crowding factor, and rheology) and spinning-related parame-
ters (shear rate, drawing ratio, coagulation, and drying).""”
Spun fibers are widely used as filters, textiles, and composites.'
Extensive research has proven that spinning processes are
efficient ways of producing CNM filaments with high
mechanical performance and multiple functionalities.''”

Solvent Spinning. (1) Dry spinning. The process of dry
spinning is illustrated in Figure 4a, where the CNF suspension
is loaded into a syringe and pumped out through a needle,
where a heat gun evaporates the solvent and the filament is
collected on a substrate.'” The alignment of CNMs is induced
primarily when they are forced to pass through the narrow
channel inside the needle but also from rotation of the
collector. Several studies have examined applying dry spinning
to successfully obtain CNF filaments from their suspen-
sions.”"*>!1¥712% Dry spinning has also been performed on
CNM/polymer composite dopes.'*!

(2) Wet spinning. Compared with dry spinning, the dope in
wet spinning enters an antisolvent or coagulation bath after
exiting the formation element. Here, the fibers precipitate from
their dope solvents because of the solvent-exchange process, as
shown in Figure 4b."' The antisolvent or coagulation bath is a
medium that exchanges the dope solvent for rapid dehydration.
The depletion of solvent brings fibers in contact, inducing extra
alignment to the fibers.”> In general, a rotary collector is
connected to collect the fiber from the bath and can further
induce the fiber alignment during the fiber collection. In dry
spinning of CNFs, removing the dope solvent requires a fair
amount of energy and time, especially with aqueous
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suspensions in which a large amount of water exists. Therefore,
wet spinning provides an efficient option for tackling the
drying issue of CNMs.' '

(3) Electrospinning. Electrospinning requires an electro-
static field between a needle tip and a collection substrate, as
shown in Figure 4c.'”” Electrospinning begins with a
conductive dope forming a tiny Taylor cone at the tip of a
needle.'** The cone spins into multiple jets, the diameters of
which are reduced to sub-micrometers under a proper
electrostatic force. Because the jets are sufficiently narrow
and possess a high surface area, the dope solvent evaporates
rapidly.”* A separate set of material and processing-related
factors influence the final fiber characteristics, including
collector type, tip-to-collector distance, voltage, injection rate,
CNM ty'ge, dope conductivity, surface tension, humidity, and
so on.''® Fibers are typically aligned inside a spun yarn,
attributed to a combination of the dielectrophoretic force and
shear force during electrospinning.'”> The structure of the
electrospun yarns is normally not aligned; instead, they exist in
the form of a non-woven mat. To further align the yarn,
various approaches are applied at the collection end,'*” such as
increasing the collector rotation speed and using a collector
comgrsifigls of two conductive substrates separated by a void
gap. = Electrospinning of CNFs is often performed on
CNF—polymer composites from a polymer solution with
CNFs as an additive.!'*'** To our best knowledge, studies on
electrospinning of neat CNFs are not reported in the literature.
However, electrospinning itself could produce cellulose
nanofiber from cellulose solutions,"*”'*" especially in solvents
such as dimethylacetamide/lithium chloride (DMAc/LiCl),"**
ionic liquids,133 and alkali/urea, where cellulose has
solubility."**

Melt Spinning. Melt spinning processes materials in their
molten state and is used extensively for thermoplastic polymers
with sufficient spinnability, as shown in Figure 4d. Melt
spinning of pure CNMs is difficult because the melting
temperature (260—270 °C) of cellulose is close to its
decomposition temperature (260—270 °C). Instead, melt
spinning can be performed on CNFs-reinforced thermoplastic
composites.””"*>'*>71%7 However, few studies have reported
on the alignment of CNFs in a polymer by melt-spinning
processes. Such a low research interest relates to an already-
existing issue of a broader research topic, i.e., the agglomeration
of CNMs in polymers during melt processing."’

Drawing Processes. Drawing processes (also called
“mechanical stretching” in the literature) rely on the
application of mechanical force to align and elongate
(straighten out) nanoparticles, which is desirable to maximize
the property improvements of these anisotropic materials. For
cellulose nanofibers, these processes have been primarily
uniaxial stretching to date. However, a variety of drawing
conditions, including variations in temperature, humidity,
water content, strain rate, and load, have been explored for
cellulose nanofiber and its composites. Here we will differ-
entiate between cold-drawing and wet-drawing processes.
Cold-drawing processes are understood to be processes
performed at an elevated temperature in a dry environment,
but below the melting point of the materials being drawn; wet-
drawing processes will be defined as any process in which the
materials are subjected to humidity, soaked, or submerged in a
solvent (typically water) to enhance drawability.

Cold Drawing. Cold drawing of CNF composites has
shown improvement over a broad range of concentra-
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Figure S. Scheme of ice templating and micro-CT scanning 3D morphology of nanocellulose foams manufactured by (a) bulk freezer
freezing (FF), (b) unidirectional gradient freezing (UGF), and (c) bidirectional gradient freezing (BGF). (d—f) SEM images of three
different directions (XZ, YZ, and XY) of TOCNF foams from TOCNF-FF, TOCNF-UGF, and TOCNF-BGF techniques. Adapted with

permission ref 97. Copyright 2019 American Chemical Society.

tions.*>0>89138139 Cold-drawn plasticized polylactic acid
(PLA)/CNF composites prepared by Geng et al. exhibited
high toughness and ultimate tensile strength compared with
similar materials with only 0.1 wt% TOCNFs or modified
TOCNFs.* Likewise, Clarkson ef al. demonstrated that melt-
spun PLA/modified CNF composite (mCNF) fibers with
concentrations up to 1.25 wt% mCNFs exhibited improved
stiffness with cold drawing, but the alignment of PLA along the
tensile axis decreased with increasing CNF content, despite the
overall improvement in polymer order with cold drawing.*
However, because of the low concentrations of CNFs used in
both studies, the alignment of CNFs could not be confirmed in
either case. These studies were performed at elevated
temperature and low concentrations, so high draw ratios
could be obtained. For materials where CNF is the matrix, like
those of the dry-spun filaments of hydroxyethyl cellulose
(HEC)/CNF and pure CNFs studied by Hooshmand et al.,*
cold-drawing becomes very challenging. To cold-draw nano-
composite fibers, Hooshmand et al. implemented a series of

fast and slow displacement rates, followed by a relaxation step
to prevent premature failure during drawing. The HEC/CNF
nanocomposites exhibited a higher orientation index in both
the as-spun and drawn samples compared with neat CNF
fibers produced by the same methods. In addition to acting as
a wet strength additive during fiber spinning, HEC improved
the ductility of the fibers, which allowed them to be drawn to a
slightly higher drawing ratio compared with the neat CNFs.
Wet Drawing. Wet drawing of CNF films uses residual
water from the production process or a humid environment to
facilitate drawing.”>?*"**'*! Residual water in the partially dry
CNF material acts as a plasticizer by disrupting hydrogen
bonding between neighboring particles. However, wet drawing
depends on factors such as the drying conditions, water
content, and relative humidity of the drawing environment.
Baez et al. evaluated the effect of different drying conditions on
the structural and physical property development in TOCNF
films: fully and partially restrained, and uniaxially drawn.”® The
wet-drawing process enabled films to be drawn up to 40% of
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Figure 6. (a) Schematic depiction of the wood microstructure. Adapted with permission from ref 178. Copyright 2020 Springer Nature. (b)
SEM image of natural wood, showing the microstructure of wood. Adapted with permission from ref 99. Copyright 2019 Wiley-VCH. (c)
Schematic of cell wall layers within cellular structure. Adapted with permission from ref 168. Copyright 2013 Royal Society of Chemistry.
(d) Cellulose nanofibrils’ orientation in the S2 layer of the fiber cell wall. Adapted with permission from ref 169. Copyright 2020 Elsevier.

the original length, and uniaxial alignment along the tensile
direction increased with increasing drawing ratio. Drying the
aligned material under tension is common in wet-drawing
processes to control/limit shrinkage and loss of orientation due
to relaxation. Similarly, tension is used in the oxidation process
of polyacrylonitrile fibers to create carbon fibers or during
solidification during fiber processing.'**”'*> Films and
membranes made by vacuum filtration of CNFs normally
undergo in-plane shrinkage upon drying if not restricted. If
such wet films are cut into ribbons and fixed at both ends, the
drying-induced shrinkage will also induce reorientation of
CNF fibrils along the length of the ribbon."'

Several examples of wet-drawing to enhance CNFs’
alignment and consolidation have been investigated for CNF
filaments as well. Wet-spun TOCNF filaments were wet-drawn
in water using a stretching device capable of applying strain-
rate-controlled deformations.”* TOCNFs were also aligned by
mechanical wet stretching up to 50% by Josefsson et al.”> The
highest mechanical properties (Young’s modulus of 37.5 GPa
and tensile strength of 543.1 MPa) were reported by Kim et al.
when wet-spun CNFs were wet stretched up to 20%.'*
Finally, by covalent grafting of PEG onto TOCNFs, high
orientation and consequently high mechanical properties were
achieved.'*” In another study, by Wang et al,, BC macrofibers
were prepared by cutting the BC pellicle into rectangular strips,
mechanically drawing the wet pellicle, twisting to form a
cylinder, and setting the shape by drying under tension.'*’
Orientation has generally improved mechanical performance,
porosity, and defects in CNFs and CNF-based materials. Yao et
al. prepared macrofibers of aligned BC using a wet-spinning
and wet-drawing method, followed by cross-linking the fibers
with multivalent ions.”® Similar to previous studies, undrawn,
as-spun fibers produced with higher extrusion rates yielded
fibers with a higher relative degree of alignment. Although
increasing the concentration for a fixed extrusion speed did not
further enhance alignment, fibers prepared from higher
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concentrations exhibited superior mechanical properties,
perhaps because of better fiber consolidation (higher density,
less porosity).

Aligning Cellulose Nanofibers through Templating
Effects. Templating techniques have been used extensively to
achieve ordered structures, including aligned particles within a
material. When it comes to using templating strategies to align
cellulose nanofibers, one main approach in the literature is ice
templating. This technique uses growing ice crystals within a
liquid medium and relies on the principle that ice crystals only
grow within the solvent, expelling any solutes present.'>'**~'>*
For cellulose nanofiber templating and alignment, the ice
crystals grow, expelling the cellulose nanofiber and shearing it
between adjacent ice crystals. These shear forces, between both
the cellulose nanofiber and ice crystals and adjacent cellulose
nanofibers, serve to align the fibers. The frozen ordered
structure is then sublimed, usually using a freeze-dryer, to
produce aligned cellulose nanofibers.

There are three approaches for ice-templating (Figure Sa—
c): bulk freezer freezing (FF), unidirectional gradient freezin
(UGF), and bidirectional gradient freezing (BGF).”>'>'~"
Chen et al. compared these three methods of ice templating
and determined that temperature-gradient-directed methods
produce repeatable aligned structures.””'*® One of the easiest
and most common methods utilized is UGF (Figure 5b)."*” A
temperature gradient is applied in one direction, and ice
crystals grow slowly parallel to the freezing direction, forming
channels between crystals. In systems with very low CNF
concentration, CNFs are aligned between ice crystals in an
isotropic fibril structure. When the concentration of CNFs is
increased, the ice crystals result in alignment of anisotropic
CNF structures.”>* All these aerogels display a honeycomb-like
porous structure, aligned along the XZ and YZ directions,
relative to the original direction of ice growth (parallel to the z-
axis). Along the XY direction, the material is isotropic,
featuring erratically shaped pores (Figure Sd—f, TOCNF-
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UGF). Alternatively, methods involving bidirectional or
multidirectional temperature gradients are being developed
(Figure Sc). The presence of a multitude of freezing directions
results in complex ice structures, with the templated CNFs
aligning into intricate shapes. These aerogels feature CNFs
aligned along all three axes, relative to the original directions of
ice growth (both parallel and perpendicular to the z-axis): XY,
XZ, and YZ (Figure Sd—f, TOCNF-BGF). The final structure
is completely anisotropic and features a combination of sheets
and channels. Bulk ice templating can be used, but the
resultant materials are non-aligned aerogels (Figure 6a).
Because of a lack of directional ice growth, no axis-oriented
alignment is observed in these materials (Figure Sd—f,
TOCNE-FF).

Templated materials can also be used to align cellulose
nanofibers. One main technique is to synthesize aligned BC,
where BC epitaxial growth occurs along a template.”®">*~ 168
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In this approach, a template material is used to assign
boundaries for the growing bacterial chain. By using a
template, BC can be grown in a specific fibril alignment,
providing higher mechanical performance and better suitability
for medical usage. These template materials can be polymers,
synthetic choices (such as PDMS), natural polymers
(including aligned cellulose materials), or inorganic materials
(such as silicates). These templates always have pre-defined
channels or patterns for BC growth. Putra et al. used a series of
Thicker
wall dimensions allowed the BC to grow along the curved

silicone tubes to grow BC with specific dimensions.”®

surface and provided stable tubular BC even after removal of
water. Growth of the BC was repeatable and displayed minimal
irregularities. Similarly, Putra et al. also used ridged PDMS
surfaces to grow BC.'”® The PDMS mold displays good
oxygen permeability, which allows for optimal growth of the
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BC. This template resulted in uniaxially oriented, anisotropic
BC with superior mechanical properties.

The use of natural polymers as a template for BC growth
typically requires synthesis of the template materials first. For
cellulose specifically, most of the research revolves around the
use of templated nematic ordered cellulose (NOC) systems, as
termed by Kondo et al.'®" This approach uses DMAc/LiCl to
selectively swell cellulose fibers, causing realignment of the
hydroxyl (OH) groups on the glucose rings.'®* This solution is
then slowly drawn, causing a gelation between the aligned
cellulose chains and penetrating water molecules, which further
results in a highly aligned, nanocrystalline cellulose with
available OH groups. The availability of these OH groups is
key to utilize these NOC materials as templates for BC
grow’ch.159 To maintain alignment of the growing BC, OH
groups located on carbon 6 need to be able to anchor and
adhere the growing fibers in place on the NOC matrix. Kondo
et al’s results also suggested the addition of chitin, and in the
NOC supports have an amplitude change in the growing BC
due to an alternation in position of the C6 hydroxyl group on
the chitin template.'>'®* The final wiggled BC maintains this
shape and shows great promise for further development of
autonomous nanofabrication of BC.

TOP-DOWN STRATEGY TO ALIGN CELLULOSE
NANOFIBERS

Although CNFs can be aligned by various bottom-up assembly
strategies as described in the previous section, these strategies
can be production-intensive.3‘ 63,70,78,85,139,147,154 Additionally,
realizing anisotropic hierarchical structures across different
length scales in the same material is difficult. Contrary to
bottom-up fabrication, top-down fabrication takes advantage of
the existing hierarchical structure in an object to manufacture
multifunctional materials by removing the extraneous
components inside. Wood has an anisotropic structure with
pronounced alignment of constituent cellulose fibers at
different sizes.""”>'%>'%® At the microscale, the cellulose fibers
and the lumina of the vessels are largely aligned along the
growth direction of the tree (Figure 6ab).””'”” On the
nanoscale, CNFs in the cell wall, especially in the S2 layer, are
oriented almost parallel to the cell axis (Figure 6¢,d).'**'*”
Additionally, at the molecular scale, the crystalline cellulose
chains are strictly aligned. The orientation of cellulose fibers at
different hierarchical levels in natural wood makes it possible
to achieve the alignment of CNFs by simple top-down
strategies. For example, in the wood industry, many top-down
strategies combining pre-treatment (heat, steam or cold
rolling) and densification have been applied to enhance the
mechanical properties of natural wood by utilizing its near-
perfect orthotropic hierarchical structure.'”*~"”” However, the
existing strategies currently face difficulties in achieving
complete densification and stable dimension of the densified
wood, thus resulting in expansion and weakening in humid
environments.'”” Therefore, interest in achieving alignment of
CNFs using top-down fabrications by directly taking advantage
of the anisotropic hierarchical structure of natural wood has
not waned, because of its simple and efficient methodology
compared with traditional bottom-up alignment strategies.
The latest developments in top-down strategies for achieving
alignment of CNFs have been demonstrated by Hu et al. and
involve the partial removal of lignin/hemicellulose from
natural wood, followed by hot pressing (Figure 7a).** Partial
removal of lignin and hemicellulose (using NaOH/Na,SO;)
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from the cell walls decreases the rigidity of the delignified
wood, which facilitates densification of delignified wood by
mechanical pressing. During densification, wood lumina and
the porous wood cell walls collapse entirely, facilitating
inherent alignment of CNFs in the cell wall of wood directly,
leading to a much more densely packed structure (Figure
7b,c). Therefore, this modified wood with densified features
and aligned CNFs exhibits much higher strength (587 MPa)
than natural wood (51.6 MPa) and higher specific strengths
(422.2 + 36.3 MPa cm® g') than almost all structural metals
and alloys.*” Similarly, combining the complete delignification
with mechanical compression can easily align CNFs in
transparent films and “cooling wood”.”>*>"*~"*! Zhu et al.
reported an anisotropic transparent film with aligned CNFs,
obtained by pressing completely delignified wood to remove
the porous structure entirely,”> which is a much more effective
and scalable strategy than that of manufacturing transparent
paper from CNF. The transparent film not only exhibits
excellent optical properties (over 90% light transmittance and
high haze) but also exhibits a good mechanical strength (up to
350 MPa), attributable to its densified and anisotropic
structure.””> However, the strength of the transparent film
and “superwood” is still far inferior to the strength of individual
wood CNFs, which mainly results from the degradation of
cellulose during cleligniﬁcation.37 Additionally, aligned CNFs
made by top-down strategies have also been obtained using
complete delignification of wood, which produces an
orientation structure and gives the materials desired
functions.'™™'® For example, white wood (also called
“nanowood”) with hierarchical alignment of CNFs can be
fabricated by a scalable top-down approach via simple chemical
delignification (using combined NaOH/Na,SO; and
H,0,)."*> The nanowood has a low thermal conductivity
(0.03 W/m-K) in the transverse direction because of its
aligned structure. Interestingly, the anisotropic structure of the
nanowood results in its anisotropic thermal conduction
properties.

In top-down CNF aligning strategies, directly inheriting the
anisotropic structure from wood is paramount and delignifi-
cation plays a critical role. Unfortunately, during delignifica-
tion, the high temperature, alkaline conditions, and presence of
oxidizing bleaching chemicals cause degradation of cellulose,
thus resulting in deterioration of the intrinsic properties of
CNFs, which further affects the properties (such as mechanical
and thermal properties) of the ultimate cellulose materials.
Therefore, cellulose should be protected from degradation
during delignification. Most recently, Fang et al. demonstrated
a top-down method combing alkaline sulfite—anthraquinone—
methanol (ASAM) pulping and mechanical pressing to
produce strong anisotropic nanocellulose films by a cellulose
degree of polymerization (DP) protection strategy (Figure
7d).169 ASAM pulping can remove the lignin and hemi-
cellulose from natural wood quickly while maintaining a high
DP of cellulose resulting from the synergistic effect of rapid
lignin removal and prevention of the peeling reactions between
cellulose chains (Figure 7e). As-prepared nanocellulose film
exhibited a superb tensile strength of up to 1.13 GPa and
specific tensile strength (820 MPa cm® g™') much higher than
those of current natural polymers. In addition to the DP of
cellulose, the wood species, the density of wood, and the
microfibrillar angle of the wood cell wall may also have an
influence on the mechanical properties of the densified wood.
The effects of these factors on the performance of the
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multifunctional nanocellulose-based materials should call for
continued investigation.

PROPERTIES AND APPLICATIONS OF ALIGNED
CELLULOSE NANOFIBERS

Nanocomposites. Cellulose nanofibers are being inves-
tigated in nanocomposites for a variety of applications,
including structural materials.*>**'3%!3%1%¢ The focus for
these materials has previously been on isotropic configurations
rather than aligned CNFs. However, isotropic and anisotropic
CNF composites share some potential benefits. These
materials have density (1.5 g/cm’) comparable to those of
many engineering polymers and good mechanical properties,
which correspond to high specific stiffness or strength. Because
of their high aspect ratio, high surface area-to-volume ratio,
good stiffness, and strength, CNFs also have potential for
mechanical reinforcement in thermosets and thermogplastics,
but with concomitant embrittlement in some cases.””'*”"*"
However, because CNFs are anisotropic in many of their
properties, CNF orientation is expected to affect the properties
of CNF nanocomposites, with a higher strength and stiffness in
the orientation direction."*

Polymer additives such as plasticizers have been added to
nanocomposites to help mitigate embrittlement as well as
compatibilize nanocelluloses with the polymer matrix.
Increased ductility attributable to the addition of polymer
additives has enabled larger draw ratios of CNF nano-
composites.””*>"*” In CNF-matrix composites, this generally
coincides with increased orientation.””'** For polymer
additives such as HEC or PVA, which have hydroxyls in
their molecular structure, hydrogen bonding between the
matrix and the reinforcement helps ensure good stress transfer
despite particle—particle interactions being reduced.”” Hoosh-
mand et al. observed that the modulus and strength of drawn
HEC/CNF fibers were 15 + 2.2 GPa and 260 + 29 MPa,
respectively, compared with 11.3 #+ 1.9 GPa modulus and 179
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+ 35 MPa strength for drawn neat CNF prepared from the
same process (Figure 8a).” The authors also observed
increased water contact angles for HEC/CNF nanocomposites
and inferred that the enhanced hydrophobicity of these
nanocomposite might lead to better adhesion in a fiber-
reinforced composite such as those made with epoxy.®”
Hydrogel HEC/CNF nanocomposite papers prepared by
Sehaqui et al. also demonstrated significant improvement in
mechanical performance with increasing drawing ratio (Figure
8b)."*” Undrawn nanocomposites exhibited a modulus of 8.2
GPa and tensile strength of 200 MPa, whereas at the maximum
drawing ratio, the modulus was 13.3 GPa and the tensile
strength was 355 MPa.'””

Plasticizers in CNF-reinforced composites are also being
used to improve CNF dispersion and assist in alignment with
the addition of free plasticizer, chemically modifying the CNF
surface with the plasticizer, or both.****'*® Plasticized PLA
nanocomposites prepared by Singh et al. using liquid-assisted
extrusion with 1 wt% CNF resulted in increased modulus,
strength, elongation at break, and work of fracture compared
with the undrawn condition."*® Likewise, plasticized drawn
films exhibited high toughness and ultimate tensile strength
with only 0.1 wt% TOCNF or plasticizer-modified TOCNF
(TOCNF-g-PEG); plasticized materials exhibited superior
mechanical properties, higher dispersion, and more homo-
geneous alignment in POM images of birefringent films
(Figure 8c).” However, because of the low concentrations of
CNFs used in both studies, the alignment of CNFs could not
be confirmed in either case but was presumed to follow the
polymer orientation. Clarkson et al. also demonstrated that
melt-spun PLA/mCNF composite fibers with fiber loading up
to 1.25 wt% mCNF exhibited improved stiffness with cold-
drawing along the fiber axis.*” However, the alignment of PLA
(measured by WAXS and POM) along the tensile axis
decreased with increasing CNF content (Figure 8d), despite
the overall improvement in polymer order with cold-drawing.*’
A potential reason is that during drawing, as the fiber is
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Copyright 2019 American Chemical Society.

densifying and alignment is occurring, the formation of a
stronger percolation network inhibits the orientation of PLA
molecules (Figure 8e). A similar observation was made with
cellulose whisker (CW) and PVA nanocomposite fibers, where
crystal orientation decreased with increasing CWs concen-
tration; however, the orientation of CWs followed the
orientation of the PVA."® During cold-drawing, thermoplastic
CNF nanocomposites have a chance to undergo further
crystallization, and crystal morphology (spherulites vs shish-
kebab) can change, which partially accounts for the improve-
ment in mechanical properties. Orientation appears to be a
necessity in nanocomposites with small concentrations of
CNFs, as little property improvement is observed in isotopi-
cally oriented nanocomposites.

lon Transport. Ion transport is crucial for essential
functions in living creatures and plays an important role in
innovative agplications that span energy utilization,"””"”"
biosensing,19 and water treatment.'”> Various materials and
structures have been developed for ion transport in diverse
devices, such as nanoporous polymer membranes and silicon-
based materials, but these materials are not sustainable; they
often suffer from the performance degradation upon bending
or folding, and the ionic conductivities are limited by the 3D
tortuous porous structure.'”*'” Low pore tortuosity is
preferred to shorten the transport distance in ionic devices.

Cellulose is an attractive candidate for applications related to
fluidic devices. Because the alignment of fibers can be effective
in lowering the pore tortuosity, a cellulose membrane
composed of aligned nanochannels demonstrated highly
efficient and tunable ion regulation.'”® These aligned CNFs
are exposed after extraction of intertwined lignin and
hemicellulose from the natural wood (Figure 9a). The
interface-dominated electrostatic field surrounding the CNFs
provides surface charge-governed ion transport along the fiber
direction, enabling desirable ionic separation (Figure 9b,c).
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The long-range ordered arrays of the charged nanofibers led to
highly efficient ion transport in the centimeter-long devices.
Oxidation treatment has been employed to convert the
hydroxy groups to carboxy groups, leading to a more negative
zeta potential of —78 mV, which results in a higher ionic
conductivity plateau of ~2 mS cm™ than that of the raw
sample (1.1 mS cm™'). Another strategy is hybridizing CNFs
with 2D materials to construct aligned nanoscale channels
through mechanical mixing followed by densification.'”” In a
recent study, the 1D CNFs were strongly bonded to the
surface of a few layers of 2D graphite flake (Figure 9d,e),
assembling into a “brick-and-mortar” stacking laminated
structure, in which numerous aligned nanochannels with
sizes of 1—1.5 nm were formed between the adjacent
cellulose—graphite layers (Figure 9f). As the dimensions of
the fluidic channels decrease to as low as the Debye length, the
surface charge on the channel walls starts to dominate the ionic
behaviors, with only ions of the opposite charge moving
through because of electrostatic forces. Governed by this
surface charge effect, the ionic conductivity at low salt
concentrations (the plateau ionic conductivity at low salt
concentrations is ~1 X 1073 S/cm) is significantly higher in
nanofluidic channels compared with that of bulk solution
(Figure 9g). Cellulose-based materials with aligned nano-
channels constructed from two different approaches—top-
down fabrication directly from natural wood and bottom-up
assembly of cellulose building blocks—offer great opportu-
nities for developing cellulose-based nanofluidic devices. The
sustainability of cellulose-based materials is well beyond
polymeric materials, while performance reliability issues
require continuing efforts.

Actuators and Sensors. Recently, a micropatterned soft
actuator consisting of a selectively aligned CNF layer and a
passivation layer was designed as a high-performance soft
actuator.'”® Kuang et al. applied a straightforward solvent-
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evaporation-assisted self-assembly method to achieve the
desired structure of the CNF layer.'”® Ascribed to the
micropatterned structure and disparate hygroscopicity of the
CNFs and passivation layers, the resultant CNF actuator
demonstrated well-controlled, rapid (response time less than 1
s), and extremely powerful (~1000 times lifting weight ratio)
actuation in response to temperature and humidity of the
external environment, which is comparable to the best-
performing soft actuators reported in the literature. Further-
more, the finite element modeling revealed that the well-
aligned CNF layer plays an important role in both the final
curvature and generation of the actuation forces. Proof-of-
concept demonstrations of the micropatterned soft actuators as
mechanical arms and soft walking robots indicate their great
potential for soft robots and biomimetic systems.

Moreover, CNFs have the potential to be used to prepare
highly sensitive, stretchable, and reversible strain sensors with a
3D hierarchical conductive network structure.'”” Recently,
Wang et al. prepared an anisotropic microhoneycomb CNF
(CellF)-CNT aerogel (denoted MCCA) with unidirectionally
aligned penetrating microchannels by a unidirectional freeze-
drying method, using the structure-directing function of the
CellFs.">® Because of its anisotropic nature, MCCA-reinforced
PDMS (denoted MCCA/PDMS) shows distinct anisotropic
behavior. Its electrical conductivity (Figure 10a) and Young’s
modulus (Figure 10b) along the direction of penetrating
microchannels were approximately twice those in the
orthogonal direction. MCCA/PDMS is used to make direc-
tional strain sensors with electrical resistance as the output
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signal. A 92% sensitivity difference exists between the
microchannel direction and its orthogonal direction. This
approach can be used to prepare anisotropic MCCA-based
composites with other polymers for different applications. The
aligned cellulose fiber also can be added to the carbonized
crepe paper (CCP) to fabricate the highly flexible and
anisotropic strain sensor.”” Chen et al. put non-conductive
crepe cellulose paper into a N, environment, where it was
converted to a conductive carbon fiber network through simple
thermal treatment.””> Meanwhile, its original anisotropic
structure is well retained. The fabricated strain sensor based
on this CCP exhibits high flexibility, fast response time (<115
ms), high durability (>10 000 cycles), and negligible hysteresis.
The CCP strain sensor showed dramatically different gauge
factors (10.10 and 0.14, respectively) between tensile bending
perpendicular and parallel to the direction of the fibers (Figure
10c). This anisotropic sensing performance was inherited from
the crepe paper’s anisotropic structure (ie., aligned cellulose
fibers and a corrugated surface), which was well maintained in
the CCP. Additionally, the CCP strain sensors had advantages
in renewability, low cost, and easy preparation. Chen et al. also
used CCP strain sensors to direct complex human motions and
control a two-degree-of-freedom machine, which indicates the
potential applications in multidimensional wearable electronics
and smart robots.

Fiber-shaped sensing materials with superior properties can
be integrated into smart textiles in various forms by weaving
functional components into conventional fabrics. Thus,
wearable sensors and electronic textiles based on cellulose
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Table 2. Properties of Aligned CNFs or Composite Fibers Made via Spinning and Post-processing Methods

composition and fiber spinning fiber diameter
content” studied factors” method (um)
CNFs (100%) SR dry ~16
CNFs (100%) FC, SS dry 207180
(113%)
CNFs (100%) additives, DR dry 184—130
(130%)
TOCNFs (100%) SS wet ~60
CNFs (100%) FC wet 225106
(153%)
TOCNFs (100%) SS, SR wet ~100
CNFs (100%) ECL, D, S§ wet 59—-35
(141%)
TOCNFs (100%) SS, PRT, D, SR wet ~30
TEMPO-BC (100%) FC, SS, SR, cross- wet ~50—80
linking
CNFs/PMMA no electro ~1—-4
(4%/96%)
CNFs/PEO FC electro 0.2—0.1
(21%/79%) (150%)

tensile properties”

orientation

index” strength (MPa) modulus (GPa) strain (%) ref
N/A 145220 N/A N/A 136
(152%)
0.62—0.65 147198 83—11.2 3.6—3.6 (0%) 61
(15%) (135%) (135%)
0.49—0.70 150—260 8.5—15.0 5.1-8.7 62
(143%) (173%) (171%) (112%)
0.65—0.72 90—321 8.4—23.6 1.5-22 33
(111%) (1257%) (1181%) (147%)
0.65—0.68 136326 8.6—15.5 3.7-6.9 73
(15%) (1140%) (180%) (186%)
0.64—0.73 224294 13.1-23.9 12.6—4.6 45
(114%) (131%) (182%) (163%)
0.52—0.61 75155 1222 (183%) —11% (—) 74
(117%) (1107%)
2—0.86 (—) 246543 12.6—37.5 11.7-3.7 146
(1121%) (198%) (163%)
0.62—0.72 83—357 42-229 44-2.1 75
(116%) (1330%) (1433%) (152%)
N/A (-) 222 (=) =19 (-) =12 (=) 64
N/A (-) =17 (=) 2-0.5 (—) ?—110 (=) 93

“PMMA, poly(methyl methacrylate); PEO, poly(ethylene oxide). bSR, stretching ratio; FC, fiber content; SS, spinning speed; DR, drawing ratio;

ECL, extrusion capillary length; D, needle diameter; PRT, pre-drying temperature.

C«

—” indicates a property change. The left side of the arrow is

the property without the fiber alignment, while the right side of the arrow is the property after the fiber alignment. “?” indicates the values were not

reported in the papers. “N/A”: not available.

and other fibers were synthesized.”*”*°" Cho et al. developed a
scalable synthesis method (meter scale) for wearable sensing
fibers with good mechanical properties and detection perform-
ances using nanocellulose/CNT composite fibers.”” CNFs
extracted from tunicate were homogeneously composited with
CNTs through wet spinning to produce meter-scale fibers with
aligned CNFs. The wearable sensing fibers provided high NO,-
sensing performances (resistance change of 0.5% to 0.125
ppm) owing to the rich hydroxyl chemistry, macroporous
surfaces, and facile electrical conductivity, even under harsh
distortions with tightly knotted and twisted structures (Figure
10d). CNFs were also successfully integrated with a direct
weaving process attributable to their superior mechanical
flexibility. Additionally, Fu et al. described a strain sensor
composed of aligned cellulose acetate (CA) nanofibers with
belt-like morphology and a reduced graphene oxide (RGO)
layer.””" The spatial alignment, microstructure, and wettability
of CA nanofibrous membranes facilitated their close contact
with deposited GO colloids. Through a portable and fast hot-
pressing process, within 700 s at 150 °C, the GO on CA
membranes was facilely reduced to a conductive RGO layer.
Moreover, the connection among contiguous CA nanofibers
and the interaction between the GO and CA substrate were
both highly enhanced, resulting in superior mechanical
strength, with Young’s modulus of 1.3 GPa and small sheet
resistance lower than 10 kQ. Furthermore, the well-aligned
RGO/CA film was sensitive to stretch direction because of
partial alignment, which shows us a broad prospect for more
electronic textiles.

Continuous Filaments. Continuous filaments (fibers) are
commonly used for filters, textiles, and composites, and they
play an important role in daily life. Fiber-spinning technologies
can manufacture continuous filaments from solutions,
suspensions, and melts. For cellulose nanofibers, solvent
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spinning and melt spinning can make cellulose nanofiber-
based filaments easily and align cellulose nanofibers to a certain
degree at the same time. The properties of filaments made
from these different processes are distinct and are affected by
process parameters and the alignment of cellulose nanofibers
inside the filaments. Additionally, the presence of additives and
surface functionalization can affect the alignment process. For
instance, in many fiber-spinning alignment processes, the
presence of charged groups helps stabilize the aligned cellulose
nanofibers.”>”® Table 2 summarizes properties of cellulose
nanofibers or composite filaments aligned via spinning and
post-processing methods. The authors were unable to identify
a study in the literature on melt spinning of CNF—polymer
composites with a focus on the CNF alignment. Clarkson et al.
melt-spun CNF/PEG/PLA composite filaments, emphasizing
the alignment of PLA chains.”® The alignment of CNFs was
not detectable by WAXRD, attributed to the low fiber content
(1.3 wt%) in the composites, and currently, no other published
literature has addressed this challenge.

Dry Spinning. Shen et al. dry-spun continuous CNF
filaments at high velocity on a polyethylene-coated aluminum
capstan.”®” The collecting surface was brushed with sunflower
oil to create low friction. Such a setting eliminated the need for
a coagulation bath or shrinkage control. The CNF suspension
was pumped through a nozzle and collected on the capstan.
The stretching ratio of the filament was changed by varying the
speed of filament spinning and collection. The tensile strength
of the filament was maximized at a stretching ratio of 1.7, the
highest stretching ratio applied in the study. Hooshmand et al.
produced CNF filaments from a capillary rheometer.”’ The
fiber alignment was tuned by changing the solids content of the
CNF suspension and the piston moving rate. Semi-dry
filaments were taped on glass sheets to minimize shrinkage.
Filaments were air-dried and then oven-dried. The filament
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produced using the lowest solids content and highest piston
speed produced the best tensile properties. In a later study,
Hooshmand et al. further enhanced the tensile properties of
dry-spun CNF filaments by adding HEC and applying cold
drawing.”” HEC can further stabilize CNF in its suspension, so
a suspension of lower solids content is spinnable. Cold drawing
was conducted after air drying and before oven drying of the
filament using a mechanical tester. A low solids content (4.3 wt
%), accompanied with the cold drawing, significantly improved
the tensile properties of the dry-spun CNF filaments. The
tensile properties of dry-spun CNF filaments without in-line or
off-line stretching treatment were at the lower end of reported
values, as shown in Table 2.'"

Wet Spinning. Twamoto et al. wet-spun TOCNF (wood
pulp-based and tunicate cellulose-based) filaments through an
acetone coagulation bath from a suspension having 1 wt%
solids content.” The alignment of CNFs was achieved by
increasing the spinning rate, realized by varying the syringe
sizes. Filaments were dried under tension after passing through
acetone. Wood-pulp-based CNF filaments had greatly
improved tensile properties, particularly when spun at a fast
spinning rate. Tensile properties of tunicate-based CNF
filaments decreased as the spinning rate and the CNF
orientation increased. Besides the spinning rate, the effect of
stretching ratio on the tensile properties of wet-spun TOCNF
filaments was also studied.”> The TOCNF suspension was
pumped into a CaCl, coagulation bath using a syringe. The wet
filament was soaked in the coagulation bath before being
washed, stretched, and dried. A combination of fast spinning
rate (10.0 mL/min) and a stretching ratio of 10% resulted in
the highest tensile properties of spun TOCNEF filaments.
Lundahl et al. wet-spun CNF suspensions of different solids
contents into an acetone bath.”” The alignment of CNFs
increased as the solids content of the suspension decreased.
Mohammadi et al.”* explored the effects of extrusion capillary
length, diameter, and flow rate on the properties of wet-spun
CNF filaments. A CNF suspension with 2 wt% solids content
was introduced into an ethanol bath. The wet fiber stayed in
the ethanol bath before being dried and collected. Longer
capillary length, smaller diameter, and faster flow rate
generated a CNF filament with the highest degree of alignment
and tensile properties, without compromising toughness. Kim
et al. studied the effects of four factors'*°—spinning speed,
pre-dry temperature, inner diameter of a needle, and stretching
ratio—on the tensile properties of wet-spun CNF filaments. A
CNF suspension was extruded into a CaCl, coagulation bath,
followed by pre-drying, washing, stretching, and drying. The
tensile strength, modulus, and elongation at break of this
TOCNF filament, fabricated at a spinning speed of 1700 cm/
min, pre-drying temperature of 30 °C, needle inner diameter of
380 pum, and stretching ratio of 20%, produced the highest
values among the reported mechanical property values. A CNF
filament was reported to possess high tensile properties
(strength of 275 MPa, modulus of 22.5 GPa, and elongation
at break of 4%) without any mechanical stretching.”’ Such
CNF filaments were produced by pumping the dope through a
needle of 1.9 mm diameter and entering into a coagulation
bath (eg, ethanol, dioxane, isopropanol). After a certain
soaking time, the wet fibers were removed from the bath and
dried at ambient temperature. Because the CNF suspension
was produced by a TEMPO treatment, followed by passing
through a microfluidizer, such results indicate the importance
of starting CNF characteristics on the final filament’s
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mechanical performance. Besides CNFs, BC suspensions
were also wet spun into aligned filaments, considering factors
such as solids concentration, extrusion rate, cross-linking, and
stretching ratio.”®

Electrospinning. Fortunato et al. electrospun CNF/poly-
(ethylene oxide) (PEO) composite filaments from an aqueous
suspension.”” PEO was first dissolved in water, followed by
adding various amounts of CNF suspensions. The spinning
dope was pumped through a needle. A rotating drum was used
to align the electrospun fibers by spinning fast. Investigated
CNF contents in PEO were 3.3, 6.5, 11.7, and 21 wt%.
Andersson et al. proposed a different way for mechanical
evaluation of electrospun CNFs/poly(methyl methacrylate)
(PMMA) composite filaments with alignment.®* The spin
dope contained CNFs and PMMA in DMEF. The fiber
alignment was realized by using a rapidly rotating (2000
rpm) cylindrical aluminum drum collector. No comparisons
were provided in the mentioned two research papers to
illustrate the effect of alignment on the tensile properties of the
electrospun CNF/polymer composite filaments. Olsson et al.
electrospun BC/PMMA composite filaments from their
spinning dopes in DMF/THF suspension at proper
viscosities.”* The wet filament was first spun into an aluminum
reservoir filled with water. The alignment of electrospun
composite filaments was achieved by collecting the filament
from the liquid basin over a hollow spool. The purpose of the
liquid basin was to support the wet filament, so that a lower
collector rotational rate could be applied to align the filament
and minimize the filament’s stretching and necking at high
rotational rates. However, the final filaments picked up defects
(kinks) when passing through such a liquid batch.

Biomedical Applications. Cellulose materials, including
CNFs and BC, are sustainable, biocompatible materials that
have been widely used for biomedical and pharmaceutical
applications, such as tissue engineering and wound heal-
ing.*>?*%°* For these applications, a well-aligned nanofibril
arrangement was proven to be beneficial to cell adhesion and
direct cell growth.”” Many types of the cells elongated and
aligned parallel to the substrate,”® and this aligned cell layer
was important to initiate cell growth and further develop into a
3D scaffold and form ECMs with an anisotropic architecture.
He et al investigated uniaxially aligned electrospun CNF
nanocomposites as a scaffold for tissue engineering, and these
aligned nanofibers were suitable for human dental follicle cells
attachment, which demonstrated the capability to direct
cellular organization.”*®

Substrates with patterned morphology, such as an aligned
fiber surface, can promote cell alignment and influence the
biological response of adherent cell lines on the sub-
strate.””’"*' Elashnikov et al. investigated the effect of
electrical stimulation on randomly and uniaxially aligned
polypyrrole-coated cellulose acetate butyrate nanofibers on
the human neuroblastoma cell (SH-SYSY) and suggested that
fiber alignment affected the cell morphology and attach-
ment.””® A higher degree of fiber alignment resulted in a higher
degree of cell orientation. Hua ef al. investigated the
relationship between cell response and surface functionaliza-
tion of Cladophora nanocellulose (CC) with different
functional groups,”*”*'’ including carboxylated negatively
charged CC, hydroxypropyltrimethylammonium-modified pos-
itively charged CC, and unmodified CC. The films made from
these different CCs have varying fiber alignment, and the
carboxylated negatively charged CC (a-CC) had the highest
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Figure 11. (a) Bright-field image showing NRVMs cultured on the nanocellulose hydrogels for 5 days. (b—d) Confocal image and
corresponding magnified images showing sarcomeric @-actinin in red and nuclei in blue. Adapted with permission from ref 39. Copyright
2018 American Chemical Society. Self-wrinkling cellulose hydrogels induced osteoblast MC3T3 cell alignment. (e) A representative self-
wrinkling cellulose hydrogel. (f—h) Bright-field image and fluorescence microscopy images of cells cultured on hydrogel with F-actin stained
with fluorescein isothiocyanate-phalloidin (green) and 4',6-diamidino-2-phenylindole (blue). Adapted with permission from ref 211.

Copyright 2019 Wiley-VCH.

degree of the alignment on the surface. The results suggested
that the a-CC film had better cell adhesion and spreading.
Similarly, Skogber et al. also studied surface functions using
plant-based CNF, including unmodified, anionic, and cationic
CNFs.””” An evaporation-induced alignment strategy was used
to form a surface with different degrees of alignment. Similar to
Hua et al’s results, negative-charged CNF had better fiber
alignment and resulted in better cell attachment than positive-
charged CNFs and even promoted the cell alignment.

Anisotropic nanocellulose hydrogels with aligned CNFs also
serve as good substrates for cell growth to induce cell
alignment. Ye et al. developed a hydrogel from a cellulose
LiOH/urea solution and further induced aligned CNFs by
mechanical strength.”” The obtained hydrogels have aniso-
tropic mechanical properties and optical birefringence and
could promote the adhesion and orientation of neonatal rat
ventricular myocyte (NRVM). As shown in Figure 1la—d,
when NRVMs were cultured on the hydrogel, they attached on
the ridge and valley-like region of hydrogel, aligning along the
direction of the hydrogel orientation. A similar strategy was
also applied to make wrinkled patterned anisotropic hydrogels
(Figure 11e) with aligned CNFs for cell alignment. As shown
in Figure 11f—h, nearly all of the osteoblast (MC3T3) cells
adhered and spread along the ridge-like region on the
hydrogel. Fluorescence microscopy images confirmed that
the MC3T3 cells adhered and elongated over the ridge-like
region in a certain orientation parallel to the linear ridge-like
patterns.

Foams/Aerogels. The mild conditions used in ice
templating make it useful for many applications, including
the formation of porous metal oxides, ceramics, scaffolds, and
ultra-light-weight polymers (aerogels).”>'>"'>¥*!>721> By far
one of the largest applications for ice-templated CNFs, which
highlights the importance of aligned CNFs, is in ultra-light-
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weight, recoverable polymers. These high-performance aero-
gels feature extremely low densities (around 0.01 g/cm?), high
porosity, high elasticity, and recoverable strain. Using the BGF
method as described previously, researchers can form
anisotropic materials directly with polymer matrices or
impregnate synthesized CNF scaffolds with polymer. Mi et
al. used a hydrophobically modified graphene/CNF aerogel for
selective oil uptake.”> BGF enabled them to synthesize an
aerogel with aligned CNF pores and channels for compressi-
bility and sequestration while maintaining porosity for
exploitation with chemical vapor deposition to introduce
hydrophobicity. Their resultant materials showed recoverable
compressibility up to 90% and oil recovery around 85%.
Extensive work has been completed to explain why these
aligned CNF aerogel structures display such impressive
elasticity, despite the known stiffness and strength of CNFs
in other materials. Chen et al. used BGF to template a cross-
linked CNF matrix.'>° Using this simple material, the authors
explained that the aligned anisotropic honeycomb structure
afforded by BGF of CNFs provides optimal mechanical
behavior because of its ability to collapse into a compressible
state without true deformation. This was observed using cyclic
compressive testing, in which BGF samples showed two
distinct regions: a steep linear elastic region and a densification
region (Figure 12). A lack of deformation was also confirmed
by an almost negligible loss in elasticity. When exposed to the
same conditions, comparable samples from UGF or bulk ice
templating collapsed.

CONCLUSIONS AND OUTLOOK

Cellulose nanofibers are emerging sustainable materials for
different applications, such as mechanical reinforcement,
scaffolds, structural materials, sensors, actuators, and so on.
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Figure 12. (a) Schematic and SEM images of cross-section structure deformation of BGF (BTCA-TOCNF-BGF). The aligned air channels in
BGF were not destroyed when lamellar structures were compressed and recovered. Plots of cyclic compressive stress and strain for BGF at a
set maximum deformation of 70% for five cycles. The aerogels of (b, c¢) TOCNF and (d, e¢) BTCA-TOCNF-BGF modes. The compression
direction was perpendicular to the cross-section (XY; panels b, d) and to the ice crystal growth direction (XZ; panels c, e), respectively.
Adapted with permission from ref 156. Copyright 2019 American Chemical Society.

The alignment of cellulose nanofibers is important to achieve
high-performance cellulose nanofiber-based materials. Exploi-
tation of aligned cellulose nanofibers can serve as a bridge to
bring the nanoscale properties of cellulose nanofibers to
macroscale enhancement in different applications. However,
controlling the alignment of the cellulose nanofibers remains as
a big challenge for their application as advanced materials.
CNFs and BC are long and flexible, and highly entangled like
polymer chains, which makes the alignment of cellulose
nanofibers challenging.

Both bottom-up and top-down strategies can align cellulose
nanofibers, but the choice of strategies depends on the starting
materials and the final applications. For instance, for structural
materials, top-down strategies show better performance
because of the high degree of the alignment inherited from
wood (plants). For gel materials, such as hydrogel, shear and
stretching are suitable strategies. Templating is useful for
fabricating light-weight anisotropic foams (aerogels). Unfortu-
nately, directly comparing different strategies is difficult due to
differences in the methods used to evaluate the alignment.
Even though f. has been widely accepted to quantitatively
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evaluate the fiber alignment, the value is not reported in many
studies. Standardization of the method and evaluation are
necessary when the alignment of cellulose nanofibers is
discussed to compare different studies. Going forward, a
more fundamental understanding of each process is needed to
further improve the outcomes of these methods and reveal the
underlying laws (e.g., numerical correlations) between
processing parameters and properties of the materials. This
further understanding includes a more in-depth analysis into
the effect of chemical composition on the alignment of
cellulose nanofibers. Unfortunately, not all nanocellulose
materials contain the same chemical composition, which can
greatly affect the alignment process and resultant properties.
For instance, residual lignin and hemicellulose present with
CNFs can provide stiffness, making it difficult to align the
CNFs using certain methods such as foaming, which rely on
the flexibility of cellulose nanofibers to achieve optimal
results.”'® Additionally, the hydrophobicity of lignin can affect
the surface interactions between the cellulose nanofibers and
alignment chemistries (i.e., solvents, substrates). Understand-
ing of these variations and their effects on alignment is needed
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to improve the success of cellulose nanofiber alignment
strategies. Furthermore, scaling up these processes to make
aligned cellulose nanofibers at low cost is quite challenging.

Despite the challenges, opportunities exist for further
development on the alignment of the cellulose nanofibers, as
outlined below.

Alignment in Cellulose Nanofiber/Polymer Compo-
sites. Cellulose-nanofiber-reinforced polymer composites
constitute an important application area for cellulose nano-
fibers because of their good mechanical properties, low cost,
and sustainability. Similar to other fiber-reinforced composites,
fiber alignment plays an important role in determining their
properties. The top-down strategy has a natural affinity and
advantage for manufacturing thermosetting composites. A large
portion of the research on cellulose nanofiber/polymer
composites focuses on solving the dispersion and compatibility
of cellulose nanofibers with the polymer matrix. Unlike the
good compatibility between carbon fiber and polymers,
cellulose nanofibers are hydrophilic and incompatible with
traditional hydrophobic polymers, resulting in aggregation.' """’
While alignment of the cellulose nanofiber in cellulose
nanofiber/polymer composites has been investigated, the
potential of the cellulose nanofiber has yet to be fully realized,
partially due to the above-mentioned dispersion and
compatibility issues. Another challenge for alignment of the
cellulose nanofiber in polymer composites arises from the
polymer composite manufacturing process. The application of
cellulose nanofibers from top-down strategies to thermoplastic
composites is challenging due to the compounding difficulty
arising from the cellulose nanofiber. Melt processes, such as
extrusion, compression, and injection molding, are used for
composite processing, during which the alignment of the
cellulose nanofiber is challenging. Some alignment during
extrusion induced by shear has been observed, but any ordered
structure will be disrupted during further manufacturing. The
use of a pre-aligned cellulose nanofiber combined with
injection molding or extrusion could be one solution, as such
processes are compatible with the current industrial practice
for producing long fiber-reinforced thermoplastics. Recent
advancements in additive manufacturing”'”*'® could also
create opportunities for aligning cellulose nanofibers in
composites through a shear-induced alignment mechanism or
continuous fiber-reinforced thermoplastics additive manufac-
turing.

Bioinspired Assembly. Cellulose nanofibers generated in
nature can assemble into complicated hierarchical structures
with ordered organization. Self-assembly in biological systems
provides good examples of diverse structures and proc-
ess,”'”**% such as nacre, wood, and others. Researchers need
to examine how to mimic this natural process to assemble
cellulose nanofibers into ordered structures and create high-
performance materials. Top-down strategies take the benefit of
the natural hierarchical structure of the wood and utilize it in
functional materials, where this bioinspired assembly may not
be needed. Conversely, for bottom-up strategies to align
cellulose nanofibers, the bioinspired assembly could be very
useful and offers potential for cellulose nanofiber development.
For example, Ahu et al. developed a CNC-based chiral reflector
through a controlled, bioinspired self-assembly by controlling
the water evaporation.””’ However, a fundamental under-
standing of the biological assembly process and cellulose
nanofiber assembly behavior at different length scale is
important.

Simulations. Although simulation and modeling have been
developed in many different areas, more efforts in simulating
the alignment process or technologies of cellulose nanofibers
are needed. For instance, modeling and simulation of the
alignment of cellulose nanofibers®”*'*******3 in a confined
flow have been reported in several studies. These data have
helped readers gain insight on this flow-induced alignment
strategy and how to better design these systems; however,
there are no reports for other processes yet. One challenge is
that the assembly of cellulose nanofibers involves multiple
scales, which is a major challenge for simulations. Recently,
Nikolov et al. applied ab initio and multiscale simulations on
chitin assembly to reveal the design principles of high
biological composites,”** which may provide insight for the
simulation and modeling of the cellulose nanofiber alignment
and assembly. Development on simulations of cellulose
nanofiber alignment could help to optimize the alignment
process and guide researchers toward developing strategies to
achieve better performance.

Functionalization. Cellulose nanofibers are decorated
with hydroxyls that can easily undergo chemical modifications.
Introducing functional groups that can respond to certain
external stimuli through chemical modification can help to
achieve stimulus-responsive properties and gain the potential
to use an external stimulus to align cellulose nanofibers. One
example is the carboxyl group on TOCNEF, which could be
used to induce alignment through tuning of the molecular
interactions and realize a self-aligning feature.”” Kurioz et al.
reported cinnamate-modified cellulose, which has photo-
aligning capability from the anisotropic dimerization of the
cinnamates under polarized UV light.””> Moreover, other
functional groups could regulate polymer chains through 7—z*
stacking, hydrogen bonding, and so on and further realize the
ordered structures.””® Additionally, these chemical modifica-
tions do not need to be covalent bonds; other bonds, such as
hydrogen bonds and ionic bonds, could also be used to
introduce responsive groups onto cellulose nanofibers and
further improve the alignment of the cellulose nanofibers.

In summary, we believe that with the further advancement of
cellulose nanofiber alignment technologies and processes,
more functional materials with performance matching that of
nanoscale cellulose nanofibers will be developed. The demand
for high-performance cellulose nanofiber-based materials will
also drive the efforts for large-scale manufacturing of aligned
cellulose nanofiber materials.
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VOCABULARY

Nanocellulose: Cellulosic materials with one dimension in
the nanometer range

Anisotropic property: The property of a material which
allows it to change or assume different properties in different
directions as opposed to isotropy

Shear force: Unaligned forces pushing one part of a body in
one specific direction, and another part of the body in the
opposite direction

Bottom-up: The piecing together of systems to give rise to
more complex systems, thus making the original systems
subsystems of the emergent system

Top-down: The breaking down of a system to gain insight
into its compositional subsystems in a reverse engineering
fashion
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