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ABSTRACT: The alignment of anisotropic particles during
ink deposition directly affects the microstructure and
properties of materials manufactured by extrusion-based 3D
printing. Although particle alignment in diluted suspensions
is well described by analytical and numerical models, the
dynamics of particle orientation in the highly concentrated
inks typically used for printing via direct ink writing (DIW)
remains poorly understood. Using cellulose nanocrystals
(CNCs) as model building blocks of increasing technological
relevance, we study the dynamics of particle alignment under
the shear stresses applied to concentrated inks during DIW.
With the help of in situ polarization rheology, we find that the
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time period needed for particle alignment scales inversely with the applied shear rate and directly with the particle
concentration. Such dependences can be quantitatively described by a simple scaling relation and qualitatively interpreted
in terms of steric and hydrodynamic interactions between particles at high shear rates and particle concentrations. Our
understanding of the alignment dynamics is then utilized to estimate the effect of shear stresses on the orientation of
particles during the printing process. Finally, proof-of-concept experiments show that the combination of shear and
extensional flow in 3D printing nozzles of different geometries provides an effective means to tune the orientation of
CNCs from fully aligned to core—shell architectures. These findings offer powerful quantitative guidelines for the digital
manufacturing of composite materials with programmed particle orientations and properties.
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hree-dimensional (3D) printing is an enticing

I manufacturing technology because it enables the
fabrication of materials with intricate macroscopic

shapes and controlled microstructures and properties.' ® An
effective way to locally control the structure and functionalities
of composite materials is to align anisotropic particles in
deliberate orientations to reach site-specific properties.
Controlled particle orientation during 3D printing has been
achieved using for example magnetic fields,’ '® shear

9,11-13 . 14 . .
or acoustic waves © in extrusion-based and

stresses,
stereolithographic processes. Among the anisotropic particles
used thus far in 3D-printed composites, cellulose is of
particular relevance, as it is a sustainable resource that
combines biocompatibility with interesting mechanical and
optical properties.'>'>™**
tropic reinforcing material in the form of small, stiff
nanocrystals (CNCs) or long and flexible fibrils (CNFs).

Cellulose can be found as aniso-
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The alignment of CNCs and other anisotropic particles
during 3D printing holds enormous potential since it allows
one to mimic the design principles underlying the exquisite
multiscale architectures of biological materials such as wood,
plant stems, bone, and mollusk shells.” Alignment of such
particles by shear stresses is a particularly interesting approach
because shear-inducing flow is intrinsically present in
extrusion-based 3D printing processes.””"'~'¥** While it is
well known that anisotropic particles align during extrusion,
only a few studies have attempted to quantify the degree and
dynamics of alignment in particle-filled inks.”'"'® Prior to
alignment, anisotropic particles tend to form percolating
networks that give rise to a finite yield stress, below which
the ink does not flow. Particle alignment above the yield stress
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Scheme 1. Alignment of cellulose nanocrystal particles during shearing in a direct ink writing process (left) and in an in situ
polarization rheological setup (right). Left: Schematic of a 3D printing process with (al) randomly organized cellulose
nanocrystals in the cartridge, (b1) shear-induced alignment during extrusion through the nozzle, and (c1) the final oriented
extruded segment. During extrusion, the CNC is aligned due to a velocity profile that arises from the shear stress imposed on
the suspension (TEM image with scale bar 100 nm). Right: Alignment of CNCs under shearing conditions visualized through
in situ polarization rheology using a parallel plate geometry. The polarized light imaging system is integrated in the rheometer
setup to enable investigation of the effect of shear rate and time on the CNC orientation process (a2, b2, and c2).*’
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results in a strong shear-thinning response of the ink and thus a
pronounced parabolic velocity flow profile within the
nozzle.**** Understanding the dynamics of particle alignment
and the flow behavior of the resulting non-Newtonian fluids is
therefore required to design inks, nozzles, and extrusion
conditions to 3D print composites with programmed local
structures and properties.

The alignment dynamics determine whether anisotropic
particles will be oriented by the flow within the residence time
in the nozzle. Particle alignment can be induced by both shear
and extensional flow.”” For the well-studied case of pure shear
flow, particles move following orbital trajectories, known as
Jeffery orbitals.’®*" The time period (¢) that an anisotropic
particle needs to undergo a full rotation within a Jeffery orbital
scales with the inverse of the applied shear rate (y): t ~ 1/
#2*7>* When suspended in non-Newtonian fluids, particles
show Jeffery orbitals that drift over time until an equilibrium
orientation is reached.’”’’ Because they do not take into
account steric, hydrodynamic, and contact interactions
between particles, such theoretical analyses are usually not
sufficient to describe the alignment of anisotropic particles at
high volume fractions. Recent work has shown that contact
interactions play a key role in the microstructures and
properties of highly concentrated suspensions of short fiber
bundles used for composite fabrication.”*° Experimental
validation of these models requires the use of analytical tools
that can follow particle orientation during flow. Several
experimental methods have been employed for that purpose,
including rheology, neutron and X-ray scattering techniques,
and optical microscopy.”’~*

Another attractive tool for the experimental study of the
flow-induced alignment of optically anisotropic materials is the
polarized light imaging technique. In this approach, particle
orientation is tracked during flow by color changes resulting
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from the varying angle between the particle axis and the
orientation of the polarizer/analyzer. Polarized light imaging
has been extensively used to investigate the effect of flow on
the structure of liquid crystal polymers under shear
flow.>>*™3% The different nematic, smectic, and cholesteric
phases that result from the self-assembly of liquid crystals were
found to be directly affected by flow. When subjected to shear
flow, for example, such phases transform into stripes with
herringbone patterns, whose thickness decreases with the
applied shear.”" Such flow-induced textures further expand the
rich phase behavior of such self-assembling systems.

While theoretical models have been put forward to describe
the flow-induced orientation in particle suspensions and
studies on liquid crystal polymers have provided important
insights into the phase behavior of self-assembling systems
under flow, experimental investigations on the dynamics of
alignment of self-assembling anisotropic particles in highly
concentrated suspensions of relevance for 3D printing remain
scarce.”** The self-assembly of Brownian anisotropic particles
in concentrated printable inks promotes the formation of liquid
crystalline phases prior to the extrusion process. Liquid
crystalline nematic domains, for example, form at concen-
trations as low as 0.5 wt % if the aspect ratio of the anisotropic
particles is higher than 100. For CNCs with an aspect ratio of
20, this critical concentration increases to 3 wt %.°>~°! In the
absence of flow, particles are locally aligned within the liquid
crystal domains, but the different orientation of individual
domains leads to a global random distribution of particle
orientations. Understanding how these domains reorganize
under flow and determine the microstructure during extrusion
is crucial for the design of inks and for establishing
manufacturing conditions suitable for the 3D printing of
composites loaded with anisotropic particles.
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Figure 1. Flow and alignment of CNCs as a function of applied shear stress and cellulose concentration. (a) Yield stress (YS) measurement
for a 20 wt % CNC ink and the corresponding polarized images recorded before the yield stress (I), at the yield stress (II), after the yield
stress (III-IV), and at the end of the measurement (V). (b) Yield stress measurements of CNC suspensions at 10, 15, 20, 25, 30, 35, and 40
wt %. (c) Yield stress values extracted from (b) for inks with different concentrations of CNCs. The yield stress dependence on the CNC
volume fraction is shown to be well described by an experimentally fitted power law. (d) In situ rheology imaging as a function of CNC

concentration at varying applied shear stresses (I-V).

Here, we use shear-induced polarized light imaging to study
the alignment dynamics of cellulose nanocrystals under shear
flow in suspensions with high volume fractions of particles.
Because of the high volume fractions in the range from 10 to
40 wt %, the investigated CNC inks show a well-defined yield
stress and a strong shear thinning behavior. First, we evaluate
the effect of the yield stress on the alignment of CNCs under
increasing shear deformation. This is followed by steady-state
rheological experiments, in which we quantify the degree of
alignment over time for suspensions of different CNC volume
fractions subjected to varying shear rates. This dependence on
shear rates is then utilized to estimate the level of alignment
during extrusion if only shear forces are considered.
Comparison of these estimates with experiments in model
capillaries allows us to propose guidelines for the design of inks
and extrusion geometries according to the level of alignment
targeted in the final 3D-printed composites. This fundamental
understanding sheds light into the possible range of micro-
structures achievable by direct ink writing of inks containing
high concentrations of anisotropic CNC particles, which we
introduced in a previous publication."'

RESULTS AND DISCUSSION

The dynamics of the orientation of anisotropic particles under
shear flow depends on the shear rate imposed on the
suspending fluid. In 3D printing by direct ink writing
(DIW), the fluid is deposited on a substrate in a spatially
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controlled manner through the application of an external
pressure along the nozzle. Because of wall friction, the shear
stresses [7] arising from the applied pressure are maximal at
the nozzle wall and decrease linearly toward the center of the
nozzle (Scheme 1). The ink rheological properties determine
the characteristic velocity and shear rate profiles that will result
from these imposed stresses. Therefore, understanding particle
alignment dynamics during the 3D printing process requires a
quantitative analysis of the rheological behavior of the ink and
of the response of the anisotropic particles to the applied shear
rate. For stress-sensitive anisotropic inks, such as cellulose
nanocrystal gels, the alignment of particles itself changes the
rheological properties of the fluid. This leads to a complex
interplay between the ink rheological behavior, the orientation
dynamics of particles, and the local shear rates applied through
the nozzle. To understand this interdependency, we simplify
the problem by studying first the effect of a fixed shear rate
profile on the alignment dynamics of cellulose nanocrystals.
Particle alignment dynamics at controlled shear rates is
investigated using in situ polarization rheology. In this
technique, the time-dependent alignment of cellulose nano-
crystals can be quantified by optical imaging of the suspension
while it is subjected to a well-controlled shear rate in a
rheometer (Scheme 1). Because cellulose nanocrystals are
optically anisotropic, they display different colors depending
on their orientation, when observed between two cross-
polarized filters. The observed color depends on the
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Figure 2. Alignment of CNCs as a function of time for fixed applied shear rates and CNC concentrations. (a) Snapshots taken at different
time intervals highlighting the dynamic alignment of a 20 wt % ink at a constant shear rate of 150 s™". (b) Stack of polarized light images
obtained for an ink containing 20 wt % CNC subjected to a constant shear rate of 50 s~'. Vertical slicing of the image stack at an arbitrary
angle of +45° enables direct visualization of the alignment process as a function of time. (c) Shear rate distribution in a parallel plate system
and the evolution of the alignment time as a function of the plate radius extracted from the sliced stack of pictures. (d) Dependence of the
alignment time on the local shear rate for a 20 wt % CNC ink subjected to different maximal applied shear rates (shear rate at the rim). (e)
Alignment dynamics diagram displaying the average alignment times as functions of shear rates for different CNC concentrations of 10, 15,
20, and 25 wt %. (f) Log—log master plot of the alignment time as a function of shear rate with corresponding slopes of —1 and —2. (g)
Variation of the scaling factor, #(®), with the CNC concentration.

orientation and spacing between the individual crystals. As an

example, particles exhibiting circumferential orientation

around a central axis lead to a characteristic Maltese cross

under cross-polarizers (Scheme 1, c,). The dark and colored

areas in this characteristic image emerge from either complete
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or partial light extinction as it passes through the two
polarizers, respectively (see Supporting Information section
54) 4162

The alignment of the nanosized cellulose crystals under pure
shear flow was measured in situ using suspensions with varying
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particle concentrations in a parallel plate geometry. As opposed
to the linear increase in shear stress along the radius of the
printer’s nozzle, rotation of the upper plate leads to a linear
increase in shear rate from the center to the rim of the discs.
Our experiments show that the lyotropic, needle-shaped
cellulose crystals transiently orient from the rim toward the
center of the disc in response to the linear gradient in shear
rate. This is reflected by the gradual transition in colors
(Scheme 1, a, to c,) between the center and the rim of the disc
as well as the broadening of the extinction or transmission
areas. Note that the camera used to record this transient
alignment was placed slightly off-centered to obtain a full view
of the side and the middle of the shearing plane. Using this
technique, it is possible to track the evolution of alignment
quality in CNC suspensions as a function of time for well-
defined shear deformations or shear rates.

Our analysis of the alignment of CNC particles using in situ
polarization rheology was first carried out by applying a
constantly increasing shear deformation or shear stress to
suspensions containing volume fractions between 10 and 40 wt
% of particles. These concentrations lie above the threshold
volume fraction beyond which the particles form a space-filling
percolating network (see Supporting Information SS). As a
result, all the suspensions investigated in this study form a gel
with a well-defined yield stress.”” Because of the high volume
fraction used, the CNC particles are also expected to self-
assemble into chiral nematic domains throughout the
suspension.””***~% The formation of nematic domains was
experimentally confirmed for suspensions containing more
than 10 wt % CNCs (Figures S.2 and S.6).

Flow-induced alignment of the particles is therefore only
possible if the applied stress surpasses the yield stress of the
suspension. Indeed, our measurements show that the shear
stresses at which the initial color pattern starts to change in the
cross-polarized images are in good agreement with the yield
stress of the gel detected through the inflection point in the
rheological flow curve. Because the shear stress scales with the
shear deformation at low rotational displacements, the shear
stress applied in these measurements increases linearly from
the center to the rim of the disc. The nominal shear stresses
reported here correspond to the stress applied at the plate’s
rim. Taking a suspension with 20 wt % CNC as an example, no
preferential orientation of particles is observed under cross-
polarized light when the shear stress applied at the rim is lower
than the yield stress of the gel (Figure 1a, I). But if the nominal
yield stress value of 200 Pa is reached at the rim, the gel starts
to flow and CNC orientation is observed at this outer region of
the plate (II). The fraction of aligned CNCs increases as the
local shear stress progressively increases (III-IV). Eventually,
higher stress levels result in CNC alignment along the rotation
direction throughout the whole probed volume (V).

The yield stress of the CNC suspensions was found to
increase significantly from 30 to 4220 Pa as the concentration
of particles increased from 10 to 40 wt % (Figure 1b). This
dependence can be described by the simple power law 7, =
kg?, where 7, is the yield stress of the gel, ¢ is the volume
fraction of particles, k is a constant that depends on the
interparticle interactions and particle size, and p is an exponent
that depends on the microstructure of the particle network.
The exponent p = 3 obtained by fitting the measured data with
the power law function lies within the range 1.4—5.0 typically
found in the literature (Figure lc; see also Supporting
Information $5).6”%
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The observed power law dependence of the yield stress on
the volume fraction of particles is often interpreted in terms of
the underlying microstructure of the load-bearing particle
network.”” In the case of spherical particles, the network is
usually formed by fractal-like agglomerates that connect to
each other to fill up the entire volume of the suspension. Such
agglomerates are larger and less dense if the volume fraction of
particles is lower. By contrast, higher particle volume fractions
lead to smaller and denser agglomerates. In analogy to fractal-
like agglomerates, our yield stress data suggest that the
formation of load-bearing structural units of different sizes and
densities depend on the CNC concentration. Indeed, the size
of nematic domains was observed to decrease with increasing
concentrations of CNCs in the suspension (Figure 1d). At the
lowest concentration of 10 wt %, large domains are clearly
visible. Increasing the CNC weight fraction to 15 and 20 wt %
leads to smaller domains with distinct alignment directions.
Above 20 wt %, these domains become even smaller and are no
longer easily visible by optical microscopy (Figure 1d). This
interpretation is supported by earlier studies that showed a
decrease of the interparticle spacing within liquid crystalline
phases with increasing particle volume fraction.”*”%”"

Once the yield stress of the CNC suspension is reached,
particles are expected to align parallel to the imposed shear
forces. Since the alignment process of particles in highly
concentrated suspensions is poorly understood, we investigate
the effect of the imposed shear rates on the alignment
dynamics of particles in suspensions with varying CNC
concentrations. This was experimentally accomplished by
exploiting the linear radial distribution of the shear rate
applied in the parallel plate geometry used for the rheological
measurements. Because of this linear distribution, the align-
ment time at different shear rates can be directly assessed in
one single measurement at a constant global rotational speed
of the plate.

The time-dependent alignment process for a 20 wt % CNC
suspension at a fixed global rotational speed of the plate is
shown in Figure 2a. The global rotation speed is indicated in
terms of the maximum shear rate at the rim of the plate, which
in this example was kept constant at 150 s~'. The cross-
polarized snapshots reveal that alignment starts at the rim of
the plate and progresses toward the center of the plate, in
response to the imposed linear gradient in shear rate. The
alignment time at one given shear rate can thus be directly
assessed from the optical images. To demonstrate the
alignment dynamics visually, polarizing light images were
taken at precise time intervals and stacked into a 3D image
(Figure 2b and Supporting Information S6). Extracting a
vertical slice of such 3D image allows us to directly determine
the alignment time as a function of local shear rate (Figure 2c).
By repeating this procedure for different suspensions and
distinct maximal applied shear rates, it was possible to
determine the alignment time for a wide range of shear rates
and CNC concentrations (Figure 2d,e). Because of the linear
shear rate distribution, the alignment time data overlap into a
single curve regardless of the maximal shear rate applied. This
confirms that the alignment time is solely governed by the local
shear rate rather than the maximum applied shear rate (Figure
2d). Plotting the alignment time data obtained at different
particle concentrations, we obtain a design diagram that
indicates the minimum time and shear rate necessary to induce
alignment of the CNCs under shear flow (Figure 2e).
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Figure 3. Estimation of shear-induced particle alignment expected during 3D printing of an exemplary ink containing 15 wt % CNC. (a)

General dependence of the plug-flow radius (

¢) on the yield stress of the ink for different applied pressures, assuming a printing needle with

t

a diameter of 0.3 mm and length of 80 mm. Eb) Flow curve for the 15 wt % ink and its description using a power law fit. (c) Shear stress
distribution across the radius of a nozzle with 80 mm length and 0.3 mm diameter. The yield stress of the 15 wt % CNC ink is also indicated
to show the plug-flow area of the nozzle. (d) Shear rate profile and corresponding alignment times along the nozzle radius. The residence
time of the 15 wt % CNC ink is also shown to establish the differential flow domain and the region of the nozzle where shear-induced

alignment of the particles is expected.

Our experimental results reveal that the alignment time at a
given shear rate is strongly influenced by the concentration of
CNC particles. For example, the alignment time at 20 s
increases approximately 2-fold if the CNC concentration
increases from 20 to 25 wt %. The alignment of CNCs under
shear flow is accompanied by significant changes in the
microstructure and rheological properties of the suspension
(Supporting Information S6 and S7). The longer alignment
times measured for concentrated suspensions is probably
related to the stronger steric and hydrodynamic interactions
between particles at high CNC volume fractions (Figure 2e
and Supporting Information S6 and S7). Following the
interpretation provided to explain the yield stress data, the
alignment dynamics should be affected by the size and density
of the nematic domains formed within the suspension. At the
low concentrations ranging from 10 to 15 wt %, the larger
nematic domains formed by the CNC crystals are less dense
and easier to break and align under external shear. This
phenomenon is also typically observed in liquid crystals.”””*
The much smaller and denser domains formed at concen-
trations above 20 wt % are more difficult to rupture and thus
require shearing for longer times to achieve particle alignment
(Figures S.5—7).

Besides the effect of CNC concentration on alignment times,
our experimental results also provide insights into the
dependence of the alignment dynamics on the applied shear
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rate. According to predictions for an isolated anisotropic
particle suspended in a Newtonian fluid, the time it takes for
the particles to align (t) is inversely proportional to the applied
shear rate (7).”> However, it is questionable whether this
simple scaling relation also holds true for a particle assembled
within a nematic domain of the complex multidomain
microstructure obtained at high CNC volume fractions. To
address this question, we combined all the experimental data
obtained from our transient shearing tests in a single log—log
plot displaying the alignment time as a function of the applied
shear rate (Figure 2f). To account for the slower alignment
process in suspensions with higher CNC volume fractions, the
alignment time was scaled with a constant term f that should
capture the effect of steric and hydrodynamic interactions on
particle reorientation under shear. In this analysis, # depends
only on the volume fraction of particles (Figure 2g), leading to
the following relation:

0
4

t
(1)

This simple scaling describes quite well the dynamics of the
alignment process, since all the experimental data were found
to fall in a single master curve in the log—log plot (Figure 2f).
Analysis of the slope of the resulting master curve allows us to
compare the effect of shear rate on alignment dynamics in
concentrated suspensions with the dependence expected for a
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model single particle. Surprisingly, we observe that the slope of
—1 expected for a single particle provides a good
approximation of the shear rate dependence of the alignment
times at low shear rates. This suggests that, if the applied shear
rates are low, the simple relation ¢t ~ 1/ is still a reasonable
approximation even if particles are part of crystalline domains
at high volume fractions. By contrast, the alignment time
shows a stronger shear rate dependence when higher shear
rates are applied. In this case, we find that the alignment time
scales with 1/ yz This indicates that in concentrated inks
subjected to high shear rates particles align faster than expected
for a diluted suspension. Although further work is needed to
explain the underlying physics giving rise to this unusual
scaling relation, such a stronger effect of the shear rate suggests
that hydrodynamic and steric interactions between the
particles at high volume fractions and high shear rates might
facilitate their alignment by shear. Such interparticle
interactions increase significantly with the CNC volume
fractions, which is reflected in higher values for the scaling
factor beta f(®) (Figure 2g). It is important to note that the
above physical description of the alignment dynamics should
be universal and applicable to other concentrated colloidal
systems, as long as the anisotropic particles interact repulsively
like the model CNC particles used in our experiments. Our
analysis might also be applicable to more complex fluids
containing distinct types of particles, if such particles are
sufficiently different in size to enable a coarse-grained
description in which the larger particles are assumed to be
suspended in a homogeneous fluid containing the smaller
particles. Beyond these simplifying assumptions, this study
provides a basis for future investigations of the alignment
dynamics in more complex colloidal suspensions containing for
example several types of particles that interact through
attractive and repulsive forces.

Our understanding of the effect of particle concentration on
the yield stress and alignment dynamics allows us to estimate
the contribution of shear flow alone on the alignment of
anisotropic particles during 3D printing. Using a glass capillary
as model nozzle and pressures within the range applied for
direct ink writing, we evaluate the level of particle alignment
expected throughout the nozzle radius (Supporting Informa-
tion S8). The quartz capillaries used have a diameter (2R) and
length (L) of 0.3 mm and 80 mm, respectively. Since the CNC
inks exhibit a finite yield stress (Figure la—c), a fraction of the
material will not experience any shear flow during extrusion.
This fraction is located in the inner core of the extrudate,
where the shear stress applied is lower than the yield stress of
the ink. By comparing the yield stress of the ink with the linear
change in shear stress along the nozzle radius, one can obtain
the critical radius below which the material will not experience
shear flow. We call this critical radius the plug-flow radius (r,).
The plug-flow radius depends on the yield stress of the ink, on
the geometry of the nozzle, and the pressure applied during
printing. For a given nozzle length and applied pressure, 7,
increases linearly with the yield stress of the ink (Figure 3a).

Between the plug-flow radius (r,¢) and the nozzle radius (R),
the ink experiences shear flow. This leads to the so-called
differential flow region, where shear-induced alignment of the
anisotropic particles may occur. The level of particle alignment
within the differential flow region of the nozzle can be
estimated from the alignment time data obtained from the
opto-rheological measurements. To this end, we must first
determine the local shear rate imposed on the ink as a function
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of the nozzle radius. This is possible by translating the linear
shear stress profile across the nozzle radius into a shear rate
profile using the rheological behavior of the ink. As an
illustrative example, we estimate the shear rate profile for an
exemplary ink containing 15 wt % of CNC particles (Figure
3c) and subjected to a pressure of 3 bar through a model
nozzle. The shear rate is given by the derivative of the velocity
profile, which is strongly influenced by the rheological
properties of the ink. We find that the following simple
power law describes well the shear-thinning behavior of the ink
(Figure 3b): = k "', where 7 is the viscosity, k is the flow
consistency index, and n is the flow behavior index. The
obtained flow index n of this 15 wt % ink is on the same order
of magnitude as the values observed for CNFs and diluted
CNC suspensions.”””* Such a low n value reflects the strong
shear thinning nature of the ink. Using such a rheological
description, the geometry of the nozzle, and the pressure
applied, we calculated the shear profile expected during
extrusion of the ink with 15 wt % CNC (Figure 3d and
Supporting Information S8 and S9).

Once the shear rate profile is known, one can use eq 1 to
estimate the alignment time expected for different radii across
the nozzle. Comparison of this alignment time with the
residence time in the nozzle finally leads to the critical radius,
o above which particle alignment is expected within the
differential flow region (Figure 3d). By combining eq 1 with
the estimated residence time and shear rate profile we find the
following prediction for the critical radius (Supporting
Information S9):

n

T

R

RB(®)n
L(3n + 1)

)

Such a relation neglects any time dependence of the
rheological properties of the ink. This is a reasonable
assumption for the inks investigated in this work, in view of
the relatively weak change of their viscosity as a function of
time (Supporting Information Figure S.4).

The identified plug-flow (r,) and critical (r.) radii
eventually define three distinct flow regions within the nozzle.
This is illustrated in Figure 3d for the exemplary ink with 15 wt
% CNCs. The dark purple area displays the plug flow region
where no shear occurs (rpf =0.0672 mm). The light purple and
blue areas highlight the differential flow region. Alignment due
to shear forces alone is expected within the blue area. Because
of the relatively short residence time (2 s for this capillary) and
strong non-Newtonian nature of the ink, high shear rates are
only exerted very close to the nozzle’s wall. For this 15 wt %
ink, we estimate the relative critical radius (r./R) to be around
0.83. This means that shear-induced alignment of the CNC
particles of this ink is expected to occur within a distance of 25
um from the nozzle wall. Such an aligned region corresponds
to 27% of the total volume of the filament. Following this
rationale, eq 2 can be used to estimate the region of shear-
induced alignment for other nozzle geometries, ink composi-
tions, and printing conditions. The same reasoning can be
repeated with 3D printing needles of different geometries
(Supporting Information S9).

To qualitatively validate the above prediction, we performed
additional experiments in which a 15 wt % CNC suspension is
forced through a long glass needle at a fixed pressure, thus
simulating the extrusion process. The experimental setup was
designed to ensure that only shear deformation is imposed on
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Figure 4. Visual assessment of CNC alignment during extrusion of a 15 wt % ink through model capillaries and an artistic illustration of our
ability to locally control the orientation of printed CNC particles. (a) Polarized light imaging along a quartz capillary designed to ensure
pure shear flow during extrusion. The diverging tapered geometry of the inner capillary erases possible previous alignment of particles
caused by extensional flow. Extrusion was carried out at 3 bar. Polarized images captured at 0° and 45° orientation with respect to analyzer
filter indicate the level of alignment of the CNC particles along the capillary length. Scale bar i: 500 gm. The zoom-in of section V highlights
the alignment of CNC particles close to the capillary wall. Scale bar i’: 500 um. The walls of the capillary are indicated by dashed red lines.
(b) Polarized light imaging at angles 0° and 45° along a quartz capillary with a converging tapered section (extrusion at 3 bar). Scale bar i:
500 pm. (c) Printed tree created using different inks and imaged by cross-polarized light. Scale bar: 1 cm. The inset on the left shows the
tree pattern under normal illumination. OM images of selected areas containing inks with different compositions deposited with distinct
approaches: (i) 10 wt % casted, (ii) interfaces between 15 and 20 wt % printed inks (left), and 20 wt % printed and 10 wt % casted (right),
and (iii) 15 wt % printed. Scale bar of zoomed-in sections: 200 pm.
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the suspension during extrusion. This was achieved by
constructing a capillary device that features a widening
diameter at the entrance (Figure 4a). Such widening leads to
an abrupt decrease in flow velocity, thus generating extensional
forces that erase any alignment previously imposed to the
particles.”*”> Using such a device, we assessed the level of
alignment of the CNC particles by taking cross-polarized
optical images at different positions along the length of the
glass capillary. The experiment confirms that the CNC
particles are aligned only within an outer skin of the ink
close to the wall of the capillary. This is clearly indicated by the
darker region next to the glass wall when the capillary is
observed under cross polarizers (Figure 4a, V).

The observation that shear-induced alignment is restricted
to the skin of the printed filament contrasts with previous
studies in which stronger particle alignment has been achieved
by direct ink writing.”"""* To reconcile these observations, we
conducted additional alignment experiments in capillaries with
a tapered geometry. Such geometry imposes extensional flow
along the entire capillary length and is representative of the
shape of some of the nozzles used for direct ink writing.
Extensional flow is known to be an effective means to impose
orientation in anisotropic fluids.”>**’® Indeed, our results
reveal that strong alignment is achieved along the entire cross-
section of the capillary if extensional flow is imposed on the
CNC suspension (Figure 4b).

The ability to spatially tune the level of alignment of
anisotropic particles through changes in the nozzle geometry,
the rheological properties of the ink, and the printing operating
conditions provides a wide design space for the fabrication of
printed objects with controlled site-specific particle orientation.
This increases the pallet of possible microstructural libraries
that are accessible via 3D printing of anisotropic particles.
Different types of microstructures are needed depending on
the properties required in the end function or application.
Exploiting a broad range of microstructural designs to
manipulate local properties is the strategy used by many living
organisms to cope with the functional demands of their living
environment using a limiting number of building blocks.”””*
Following this rationale, one would expect that filaments with
alignment restricted to the skin might combine interesting
antagonistic properties, such as high wear resistance and high
stretchability. Like the Byssus threads produced by mussels,
these properties would arise from the combination of a softer
inner core and a stiffer outer layer. By contrast, filaments
containing anisotropic particles fully aligned within the entire
cross-section would enable maximum reinforcement in specific
directions subjected to the highest mechanical loads. This is a
common design strategy in Nature to create strong and stiff
materials, such as those in the nacreous layer of mollusk shells.

We visually demonstrate this concept of tunable local
structuring by 3D printing and casting a colorful tree pattern
consisting only of CNC particles as building blocks (Figure
4c). In this artistic representation, the center of the tree
consists of a 10 wt % ink with large and colorful nematic
domains, whereas the trunk consists of a 15 wt % CNC ink
extruded along a specific direction to locally align the CNC
particles. Besides these two local microstructures, the outline of
the tree crown consists of a 20 wt % ink where the CNC
particles are expected to align only very close to the filament
surface.

6934

CONCLUSIONS

The level of particle alignment achieved through extrusion-
based 3D printing of cellulose-containing inks can be varied
widely depending on the rheological properties of the ink and
the type of flow imposed during the printing process. Filament
architectures comprising an aligned shell around a randomly
oriented core are typically produced under pure shear
conditions, whereas stronger alignment is observed if the
printing nozzle geometry is designed to also induce extensional
flow. The first condition required for particle alignment under
pure shear flow is that the applied shear stresses overcome the
yield stress of the ink. Once this condition is satisfied, the time
required for the alignment of anisotropic particles under shear
can be quantified using a simple scaling relation that takes into
account the shear rate applied and interactions between the
particles at different volume fractions. At low applied shear
rates, a linear dependence between the alignment time and the
inverse of the shear rate was found to be a good approximation
for the alignment dynamics. Deviation from this linear
dependence is found at higher shear rates, where steric and
hydrodynamic interactions between particles are expected to
play a stronger role. Although further work is required to fully
elucidate the effect of particle concentration on the alignment
dynamics, our study offers quantitative parameters for the
design of nozzle dimensions, printing conditions, and
rheological properties required to tune the shear-induced
orientation of anisotropic particles during 3D printing of
composite inks.

EXPERIMENTAL METHODS

Sample Preparation. Cellulose nanocrystals were prepared via
sulfuric acid hydrolysis of eucalyptus pulp at the USDA Forest
Service, Forest Products Laboratory (Madison, W1, USA), according
to a published procedure.”® Freeze-dried CNCs (0.98 wt % sulfur
content) with a measured length of 100 + 40 nm and a diameter of
6.5 + 2 nm (TEM image in Supporting Information Figure S.1) were
dispersed in water at different concentrations, ranging from 10 wt %
up to 40 wt % and mixed for 5 min at 2500 and 3500 rpm,
respectively, with a speed mixer (model DAC 150.1 FVZ). Previous
work on these CNC particles has shown that they exhibit zeta
potentials in the range of —40 to —45 mV when suspended in water
containing 10 mM NaCl”® This high electrical potential results in
repulsive forces between the particles in the aqueous medium. The
resulting CNC gel was left overnight for swelling, mixed at 3500 rpm
for 5 min, and stored in a refrigerator prior to testing. Before the
measurements the samples were premixed at 3500 rpm for 5 min.

Transmission Electron Microscopy. Cellulose nanocrystals
were characterized by transmission electron microscopy (TEM, Jeol
JEM-2200FS, USA Inc.) using an acceleration voltage of 200 kV.
Plasma-activated carbon-coated grids were used as support onto
which a 0.02 wt % diluted suspension of the cellulose nanocrystals was
deposited and stained with a 2 wt % solution of uranyl acetate for 30
s. The average lengths and diameters of CNCs were measured with
the software Image].

Rheology. The rheometer setup (Anton Paar MCRS02) was
modified with a reflection polariscope known as shear-induced
polarized light imaging to enable in situ polarization microscopy. In
this setup, the shearing plate acts simultaneously as optical mirror
(roughness about 1 pm) and rheological shearing tool. A Peltier
temperature control unit with a transparent bottom plate (P-PTD
200/Gl) and a corresponding Peltier-controlled hood (H-PTD 200)
provides a uniform temperature distribution and optical access to the
sample.

Working with a high-intensity white light source, the LED light is
projected onto the beam splitter of the polariscope after passing a first
homogenizing filter, a collimating lens, and the first linear polarizer
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(0°), as shown in Scheme 1b. The beam splitter reflects the incident
beam of the light source toward the sample and transmits its reflection
toward a second series of lenses and an orthogonally oriented linear
polarizer (90°) onto the HR camera. A detailed description of this
setup and approach was previously reported by Mykhaylyk et al. and
Volker-Pop.*"*’

Measurements were carried out using a parallel plate (50 mm
diameter) gap of 0.2 mm (unless specified otherwise) and at a
constant temperature of 20 °C. The gap was chosen to enable
visualization of CNC alignment. Higher gap sizes and acquisition
times were shown to give equivalent results in preliminary rheological
tests (Supporting Information Figure S.3). Differences between the
rheological properties obtained using cone-plate and parallel plate
geometries were also found to be minimal in shear sweep
measurements (Supporting Information Figure S.4).

Yield stress measurements were performed in rotation under
increasing shear stresses from 0.01 to 1000 Pa for concentrations
below 30 wt %. Shear stresses up to 2000 Pa were applied for
concentrations above 30 wt %. Using time intervals of 25 s for each
data point, a total of 34 points were acquired during these stress
sweep tests.

Flow curves under shear rates ranging from 10 to 350 s™' were
obtained through time-controlled measurements. Time sweeps at
constant shear rates were performed using time intervals of 4.5 s per
measuring point.

Image Processing. Images were processed using the software FIJI
(Image]) V.1.51h.

3D Printing. Printing experiments were performed using the
Bioplotter Manufacturing series from EnvisionTEC. The material was
extruded under controlled pressure ranging from 0.5 to 1.2 bar
depending on the needle and material concentration.

Nozzles with different dimensions and geometries were prepared to
study particle alignment under an optical microscope by using 80 mm
long and 0.3 mm diameter quartz capillaries from Hilgenberg. The
capillaries were mounted on the printer by connecting them to
standard DIW needles using an adapter obtained from Nordson. The
tapered capillary utilized to demonstrate the effect of extensional
forces on particle alignment was prepared by connecting two circular
glass capillaries with different inner diameters of 2 and 0.5 mm,
respectively (World Precision Instruments). The tapered section was
produced by hot pulling (Sutter Instrument Co., model p97). The
capillaries were held together with double-component epoxy glue.

The tree pattern was printed using inks containing 10, 15, and 20
wt % of CNC particles. Inks loaded with 15 and 20 wt % CNC were
used to build the contour and the trunk, whereas the 10 wt % ink was
casted within the boundaries of the printed contour.

Optical Microscopy. All optical microscopy analyses were
performed on an Axioplan microscope from Zeiss equipped with
cross-polarized filters. The capillaries were placed between the
polarized filters for imaging.
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