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Nanostructured materials made through flow-assisted assembly of proteinaceous or polymeric
nanosized fibrillar building blocks are promising contenders for a family of new high-performance
biocompatible materials in a wide variety of applications. Optimization of these processes relies
on improving our knowledge of the physical mechanisms from nano- to macroscale and especially
understanding the alignment of elongated nanoparticles in flows. Here, we study the full projected
orientation distributions of cellulose nanocrystals (CNC) and nanofibrils (CNF) in confined flow
using scanning microbeam SAXS. For CNC, we further compare with a simulated system of dilute
Brownian ellipsoids, which agrees well at dilute concentrations. However, increasing CNC concen-
tration to a semi-dilute regime results in locally arranged domains called tactoids, which aid in
aligning the CNC at low shear rates, but limit alignment at higher rates. Similarly, shear alignment
of CNF at semi-dilute conditions is also limited owing to probable bundle/flock formation of the
highly entangled nanofibrils. This work provides a first quantitative comparison of full projected
orientation distributions of elongated nanoparticles in confined flow and provides an important step-
ping stone towards predicting and controlling processes to create nanostructured materials on an
industrial scale.

I. INTRODUCTION

Nature has a fascinating way of creating complex hi-
erarchical structures, which have been tailored through
millions of years of evolution to promote the survival
depending on the local environment [1]. These intri-
cate natural assemblies have inspired scientists to create
similar nanostructured materials through self-assembly
or forced assembly of nanosized particles, resulting in
macroscopic materials with potentially tunable mechan-
ical, optical and/or biological properties depending on
nanoparticle arrangement [2, 3]. The processing of
such materials on an industrial scale, relies on contin-
uous structuring and assembly of nanoparticles in flow-
ing systems. Regardless if the macroscopic material is
one-dimensional (e.g. filaments or circuits [4–10]), two-
dimensional (e.g. membranes, nanopapers [11–15]) or
three-dimensional (e.g. 3D-printed materials [16–18]),
the flow deformations during processing will affect the
nanoparticle spatial and orientation distribution, and
thus the final material properties. It is therefore cru-
cial to understand the nanoparticle dynamics in process-
relevant flow situations in order to control the process
and possibly tailor the material properties through flow
conditions.
A common way of stabilizing a nanoparticle disper-

sion is by introducing an electrostatic surface charge to
the particles causing a repulsion and inhibiting the for-
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mation of aggregates occuring due to van der Waals at-
traction. At low (dilute) concentrations, thermal motion
of the surrounding molecules will drive the particles to-
wards randomness, e.g. towards a uniform spatial distri-
bution through Brownian spatial diffusion and towards
an isotropic orientation distribution through Brownian
rotary diffusion. However, if the external deformation
rate of the fluid is quick enough, the structure can be af-
fected. At higher (semi-dilute) concentrations, the elec-
trostatic interactions between particles will affect both
the way they arrange due to external forcing as well as
their Brownian diffusion.

Experimentally, the flow-behavior of nanoparticle dis-
persions is typically addressed through rheometry, by
placing the dispersion in an ideal flow situation, such as
the simple shear flow created by two parallel, opposite-
moving walls [19–23]. The apparent viscosity is extracted
by measuring the forces needed to shear the dispersion,
which is affected by the nanoparticle spatial and orien-
tation distribution. Rheometrical flows can be combined
with structural characterization using e.g. small angle X-
ray/Neutron scattering (SAXS/SANS) [20, 22–25], rheo-
optical techniques with polarized light [19, 21, 26–28] or
optical coherence tomography (OCT) [29, 30]. Since all
methods have their advantages/disadvantages, a combi-
nation of in situ techniques could be used, where e.g. av-
erage alignment during flow is studied with SAXS while
the time-dependent relaxation after stopping the flow is
studied with rheo-optics as done by Rosén et al. [31].

The theory describing the motion of non-spherical,
non-Brownian particles in linear velocity gradients dates
back to early works by Jeffery [33]. The seminal works by
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FIG. 1. Setup of the in situ SAXS experiment and characterization of the cellulose nanofibrils (CNF) and nanocrystals (CNC).
(a) Schematic illustration of the flow used in this study. Dispersed CNF/CNC are flowing in a square channel flow (side
h = 1 mm) with flow rate Q. The coordinate system is defined using x and z as the beam and flow directions, respectively.
The 3D orientation of a particle to the z-axis is given by φ and the 2D orientation in the viewing (yz) plane is given by χ.
The scattering intensity I is described on the SAXS-detector with polar angle χ and scattering vector q = (4π/λ) sin β, with
scattering angle 2β. Note that the angle χ in the detector plane is shifted 90◦ as the scattering from an elongated particle is
perpendicular to its primary axis. (b) Analytical velocity profile in a square channel by Spiga and Morini [32]; the black lines
indicate the shear direction with lengths scaled with shear rate. (c) TEM images of the CNF and CNC with the green scale bar
indicating 250 nm. (d) Isotropic SAXS curves of the CNC and CNF dispersions used in this study (Lorentz-corrected curves
Iq2 vs q in inset figure).

Hinch and Leal [34–37] further described in great detail
how Brownian motion affects the statistical distributions
and rheology of dispersions with axi-symmetric ellipsoids,
i.e. prolate and oblate spheroids. Generalizing the re-
sults to tri-axial ellipsoids, which are known to perform
chaotic rotations in shear flow in the absence of Brown-
ian motion [38], Almondo et al. [39] derived the appro-
priate Langevin equation and studied the effect of Brow-
nian motion on these particles in linear flows. Numerical
simulations of these equations can provide very valuable
predictions of both orientation distributions and rheology
of dilute suspensions of Brownian non-spherical particles,
but often fall short when particle interactions become im-
portant at higher concentrations, which is especially rel-
evant for nanofibrillar systems with very high particle as-
pect ratios. Although Brownian motion of systems with

high aspect ratio macromolecules has been well described
with the important Doi-Edwards theory [40, 41], our un-
derstanding of the thermal motion and angular dynamics
of non-spherical nanoparticles in crowded environments
is still incomplete [42, 43]. The key for developing these
models is to have proper in situ characterization of ori-
entation distributions and comparing with simulations
with as little reduction in dimensionality as possible. As
an example, the orientational distribution of tri-axial el-
lipsoids in flow is described in seven-dimensional space
(three angles, three spatial coordinates plus time). With
axi-symmetric particles and a developed flow situation
with no gradients in flow direction, the system is reduced
to four dimensions (two angles, two spatial coordinates;
time-independent). Experimental characterization, such
as SAXS/SANS, most often provides a projected repre-
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sentation of the system, which reduces the dimensions to
two (one projected angle and one spatial coordinate). A
proper comparison with simulations should thus include
the same reduction of the 4D system to 2D, and com-
paring the projected orientation distributions. However,
often in these sort of studies, the data is reduced fur-
ther through integration to a single alignment-dependent
parameter before comparing. For example in previous
studies using SAXS/SANS, there are a multiple def-
initions of anisotropy factors/orientation factors/order
parameters based on the 2D azimuthal scattering pro-
file [20, 24, 44, 45]. In other studies using rheo-optical
techniques, the alignment is described similarly quan-
tified using the degree of birefringence/retardance or
dichroism [26, 28]. Consequently, the comparison of sta-
tionary orientation distributions between theory and ex-
periments becomes more qualitative than quantitative,
which leads to inaccurate models since there are an in-
finite number of distributions that can give rise to the
same integrated order parameters.
In this work, we will try to address these issues and

provide a framework for quantitatively study the flow
of elongated nanoparticles with a combination of experi-
ments and numerical simulations. We choose the simplest
conceivable flow geometry relevant to material processes:
a confined Poiseuille (developed/time-independent) flow
through a straight quadratic channel (see Fig. 1a) with
side h = 1 mm and flow rate Q, in which the dispersion is
only subject to shear, but the shear directions and shear
rates depend on the distance from the confining walls
(see Fig. 1b). This flow geometry will represent the typi-
cal situation of a dispersion being pushed through pipes,
tubing and nozzles in a realistic process. The experimen-
tal system will be elongated electrostatically stabilized
nanoparticles derived directly from natural sources: cel-
lulose nanocrystals (CNC) and nanofibrils (CNF). CNF
and CNC have already been extensively studied [46–48]
and further been demonstrated in continuous processes
to align and assemble biobased nanostuctured materials
where the orientation distribution is directly linked to
mechanical properties of the final product [6, 10, 49].
Firstly, we will describe how to obtain the projected

2D orientation distributions of dispersed CNF and CNC
in the square channel using in situ scanning microbeam
SAXS [50–54]. Secondly, we will use the Langevin equa-
tion by Almondo [39] to predict the 4D orientation dis-
tributions of dilute ellipsoids in this flow, and describe
how to reduce the data to obtain the same 2D distribu-
tions as in the experiments. Using this framework, we
will address the following questions:

1. Can dilute CNC be modeled as dilute Brownian
ellipsoids?

2. In systems of CNF and CNC at process-relevant
concentrations, how does the behavior differ from
systems of dilute Brownian ellipsoids?

Finally, since the average orientation of the crystalline
cellulose material also affects its birefringence, we will

demonstrate how a simple and cheap rheo-optical exper-
iment can provide some quantitative measurements of
flow-induced alignment that can be compared with both
SAXS and simulations.

II. MATERIALS AND METHODS

A. Sample characterization and flow setup

Dispersions of CNF and CNC are prepared from com-
mercially available nanocellulosic slurrys purchased from
the University of Maine Process Development Center
(see appendix A for details). The dimensions of CNF
were estimated through transmission electron microscopy
(TEM) and they were fairly polydisperse with lengths be-
tween 200-1000 nm and widths of 3-5 nm (see Fig. 1c).
The aspect ratios (length/width) thus is of the order of
rp = 50-300. The thicker (around 10-30 nm wide) and
stiffer CNCs were found to have aspect ratios around
rp = 10-20. The systems were initially prepared at con-
centrations of 0.4 wt%, which was similar to what previ-
ously has been used during flow-assisted assembly of CNF
[10, 44]. Given the differences in aspect ratios, the CNF
dispersion could be considered semi-dilute at this con-
centration, while the CNC dispersion was dilute (based
on crowding factor, see appendix A for details). In order
to also study CNC up to semi-dilute conditions, disper-
sions were prepared at 1.1 wt% and 3.6 wt%. At the
highest concentration used here, the CNC is known to
arrange locally into tactoids ; highly ordered regions with
CNC, which are isotropically distributed in the sample
in the absence of external forces [48, 55–57]. Due to the
slenderness of the CNF, it is very difficult to reach truly
dilute conditions as the required concentration needs to
be lower than approximately 0.02 wt%. Any experimen-
tal characterization with SAXS at these concentrations
is practically impossible due to the low difference in elec-
tron density between cellulose and water. Therefore,
CNF is only studied at semi-dilute concentrations.

B. In situ SAXS experiments

The experimental flow cell consisted of a 1 mm alu-
minum plate with a milled 1 mm wide channel sand-
wiched between two Kapton films (DuPont, 200HN, each
51 µm thickness), serving as both walls and window ma-
terial. The entire cell is mounted with two outer alu-
minum plates for mechanical stability and fluid distribu-
tion. Details and illustration of the experimental flow
cell is provided in appendix B.
The in situ SAXS experiments were performed at the

LiX beamline (16-ID) in NSLS-II at Brookhaven Na-
tional Laboratory, USA. The measurements were per-
formed in transmission geometry through the flow cell,
which was mounted on a translational stage that allowed
the beam position to be controlled in y-z direction. The
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chosen X-ray wavelength was λ = 0.79 Å and the sample-
detector-distance was 4.3 m. The beam size was esti-
mated to be 50 × 50 µm2 and the SAXS scattering pat-
terns were recorded on a Pilatus 1M detector with pixel
size 172× 172 µm2. The detector images were converted
into diffractograms with polar coordinates I(q, χ), using
scattering vector q = (4π/λ) sinβ (2β is the scattering
angle) and azimuthal angle in the detector plane χ. Since
the scattering from an elongated particle is perpendicu-
lar to its orientation, the angle χ is defined to be zero
perpendicular to flow direction (qz = 0). Background
scattering was obtained by flowing only DI water through
the channel and was removed from all diffractograms of
the flowing CNC/CNF dispersions.
The SAXS diffractogram is a representation of the

Fourier-transformed electron density distribution in the
sample giving a statistical description of structures at
length scales L = 2π/q. Since the length of the nanopar-
ticles is much greater than the minimum measurable
q, the scattering here is completely dominated by the
CNF/CNC cross-sections.

1. Isotropic SAXS – cross-sectional dimensions

Running the system at very low flow rates, there is
very little induced alignment and the scattering curves
I(q) are independent of χ. These curves are shown in
Fig. 1d. The scattering pattern of the CNF dispersion
has a I ∝ q−1 asymptote at low q, which is indicative of a
slender rod-like system. The mean cross-sectional dimen-
sions were found to be 5.6×2.0 nm2 using a monodisperse
parallelepiped model fit (assuming very slender fibers) to
the scattering data. The dilute CNC dispersion exhib-
ited a higher slope at low q closer to I ∝ q−2 indicative
of flat objects. However, a I ∝ q−1 asymptote should
typically be found at smaller angles than what could be
obtained in the present experiments [58]. A polydisperse
parallelepiped model fitting of the dilute CNC data re-
vealed mean cross-sectional dimensions of 30.8×3.5 nm2.
The CNC particles are thus highly tri-axial with width
dimensions consistent with TEM images. At higher con-
centrations, the transition to the tactoidal state is ob-
served through the emergence of the structure peak at
qpeak ≈ 0.1 nm−1 for the 3.6 wt% CNC dispersion.
This peak corresponds to the high order within the tac-
toids [59, 60] where the approximate inter-particle dis-
tance of d = 2π/qpeak ≈ 63 nm is determined. The de-
tails of the fitting procedure is provided in appendix C.

2. Anisotropic SAXS – orientation distributions

During flow, the scattering pattern becomes
anisotropic and dependent on χ. The normalized
azimuthal scattering intensity Inorm(χ) averaged over
q-values corresponding to length scales between the
minor and major particle dimensions corresponds to the
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FIG. 2. Schematic illustration of the azimuthal intensity
profile from a SAXS experiment at a certain q with dif-
ferent degrees of alignment. The intensity is assumed to
be the sum of an isotropic part Iiso and an aligned part
Ialign. With an aligned reference, Iiso can be estimated as
Iiso ≈ I(q, χ = 90◦). The distribution of the projected angle
Ψχ is obtained by normalizing Ialign.

orientation distribution function (ODF) Inorm(χ) = Ψχ,
i.e. the experimentally determined probability distribu-
tion of the CNF/CNC projected angle χ [45].
The typical dispersions from nanocellulose are rarely

only containing the long CNF/CNC described earlier,
but also shorter residual particles being subject to very
fast Brownian rotary diffusion with an orientation distri-
bution that stays isotropic over all flow rates [43]. There
can also be residual particles which are nearly spher-
ical and can not be aligned with reasonable hydrody-
namic forces. The overall scattering pattern can thus be
seen as the sum of an aligned part and an isotropic part
I(q, χ) = Ialign(q, χ) + Iiso(q), as schematically explained
in Fig. 2. By having a highly aligned reference of the
CNF/CNC dispersion [31, 44], the isotropic contribution
can be set as Iiso(q) = I(q, χ = 90◦), i.e. as the scattering
in z-direction. Since already at fairly moderate degrees
of flow-alignment, the probability of particles in cross-
streamwise direction is almost zero, the system does not
need to be close to perfect alignment for a correct estima-
tion. A demonstration of this procedure using simulated
SAXS patterns from systems with a predefined ODF is
provided as supplementary material.
In order to accurately find Iiso(q), the experimental

flow cell was designed with a flow-focusing section, where
the dispersion could be aligned with strong extensional
flow (see Fig. 3a). The isotropic contribution is set where
both core and sheath flows have a rate of Q = 200 ml/h
and taken at position x/h = 0 and z/h = 1.5h, where
the highest alignment was found (Position 6 in figure).
Having determined Iiso, the experimental 2D ODF
Ψχ at other positions in the channel was obtained by
normalizing Ialign(q, χ) = I(q, χ) − Iiso(q) at a certain q
through (with χ in radians):
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FIG. 3. Illustration of the SAXS experiments to obtain the
2D ODF Ψχ for dilute CNC (0.4 wt%) at Q = 200 ml/h. (a)
Schematic illustration of the flow-focusing channel, where 5
channel heights (1-5) are considered upstream of the focus-
ing region. Position 6 (at z/h=1.5) is corresponding to the
position used as a high-aligned reference position. (b) SAXS
diffractograms obtained at positions 1-6. The white circles
indicate the range q ∈ [0.25, 0.45] nm−1 used to evaluate the
ODF and the dashed ellipse indicate the iso-contour of the
intensity (with black line indicating ellipse major axis). (c)
The corresponding 2D ODF Ψχ at the same positions and
conditions.

∫ π/2

−π/2

Ialign(q, χ)dχ = 1 (1)

and averaging Ialign in the range q ∈ [0.25, 0.45] nm−1.
Note that in this region, the scattering is not affected
by the structure contribution even at the higher CNC
concentration (Fig. 1d).
Examples of the scattering patterns and the resulting

2D ODFs Ψχ of dilute CNC at Q = 200 ml/h at 5 dif-

ferent channel heights (y/h = −0.4, 0.2, 0, 0.2 and 0.4)
averaged over three z-locations are illustrated in Fig. 3b-
c.
As expected, highest degree of alignment is found close

to the visible walls, since the average shear along the
beam path is the greatest (cf. Fig. 1c). The tilted
distribution indicates an average orientation pointing
slightly towards the channel center, i.e. in the shear-
direction, which is expected from a system of Brown-
ian particles [61, 62]. The reason for this tilted distri-
bution originates from the orientation probability being
enhanced along the shear flow’s extensional axis (45◦ be-
tween flow and velocity gradient directions), where the
(non-Brownian) Jeffery orbits have negative divergence,
and suppressed in the compressional axis (−45◦ between
flow and velocity gradient directions) where Jeffery orbits
have positive divergence [61].

C. Numerical simulations

The ideal orientation distributions of dilute Brownian
ellipsoids in a square channel flow were obtained using
numerical simulations. The details about the procedure
is given in appendix D. In brief, the simulation relies
on the single particle moving along a single streamline in
the flow, neglecting any translational diffusion. With this
assumption, since the channel flow consists of straight
streamlines, the single particle is always subject to the
same velocity gradient during its motion. Therefore, the
particle rotation can be simulated in a Lagrangian frame
on the streamline using the derived Langevin equation
by Almondo et al. [39]. The procedure is illustrated in
Fig. 4. Four different spheroidal sizes were chosen for this
study (Fig. 4a), where the particle minor axis is fixed at
10 nm, closely matching the cross-sectional area with the
CNC as obtained from the isotropic SAXS analysis (tri-
axiality of the Brownian ellipsoids has little effect on the
ODF [39]). The major axis was varied to obtain aspect
ratios (major/minor axis) rp = 10, 15, 25 and 50.
In this simulation, the square channel cross-section was

divided into 10× 10 cells (Fig. 4b). In each cell, the ve-
locity gradient matrix J was estimated using the analyt-
ical velocity profile in a laminar square channel flow by
Spiga and Morini [32]. The other simulation conditions
involved the use of temperature T = 293 K and a fluid
with kinematic viscosity of water.
A number of spheroids of a certain rp were simulated

in a given cell to form the average 3D orientation dis-
tribution function (ODF) in the cell. The simulations
were then performed by varying the aspect ratio rp and
flow rate Q. The average 3D ODF at a given channel
height y/h = −0.4, 0.2, 0, 0.2 and 0.4 was taken as the
average of all adjacent cells in the viewing direction x
(Fig. 4c). Finally, the average 3D ODF was projected on
the viewing (yz) plane, in order to obtain the 2D ODF
of the particles, i.e. the distribution Ψχ of the projected
angle χ in the viewing plane (Fig. 4d). Since Ψχ can
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FIG. 4. Illustration of the numerical procedure to obtain 2D ODF Ψχ. (a) Four different sized spheroids with same width of
10 nm with aspect ratios (major/minor axis) rp = 10, 15, 25 and 50 are considered. (b) Five different channel heights y (1-5)
are considered. The cross section of a fully developed laminar channel flow is divided into 10 × 10 cells, in which the velocity
gradient is estimated and used to simulate the motion of a single Brownian spheroid. (c) A 3D spherical histogram illustrating
the 3D ODF at y/h = −0.4 is obtained as the average over many particles in each of the 20 adjacent cells at a certain channel
height, marked with dashed box in (b), and subsequent averaging over these cells. (d) Projecting the orientations on the
viewing (yz) plane, the 2D ODF Ψχ is obtained.

also be obtained using SAXS, this 2D ODF can be di-
rectly compared with the experiments [45]. Since the 3D
ODF is not axi-symmetric (Fig. 4c), it is not possible to
reconstruct it from Ψχ [45].

Just as in the SAXS-experiments, the alignment is the
highest near the visible wall (at |y/h| = 0.4) and the
ODFs have a clear mean orientation towards the center
of the channel as expected.

III. RESULTS

In order to compare the orientation distributions at dif-
ferent flow conditions, two parameters are extracted that
describe the ODF at |y/h| = 0.4. The most probable pro-
jected orientation χmax is found through a spline fit of the
data, and the orientation in this direction is given by the
2D order parameter Sχ−χmax

= 〈2 cos2(χ − χmax) − 1〉
(note that the ordinary 3D order parameter using the
second Legendre polynomial, sometimes called the Her-

mans orientation factor, is not appropriate here as the
system lacks axi-symmetry [45]).

A. Dilute CNC versus Brownian ellipsoids

The projected ODFs Ψχ from the numerical simu-
lations are plotted at different channel heights y/h =
−0.4,−0.2 and 0 (called wall, intermediate and center

regions) in Fig. 5 for different aspect ratios rp and flow
rates Q = 100 and 200. These are in turn compared with
the experimental ODFs Ψχ of the dilute CNC (0.4 wt%).
The data of both wall region locations |y/h| = 0.4 is sum-
marized in terms of angle χmax and alignment Sχ−χmax

in Fig. 6.

For the dilute ellipsoids, there is a strong dependency
of the ODFs, where the shear-induced flow alignment is
increasing rapidly with respect to both aspect ratio and
flow rate as hydrodynamic forces overcome Brownian mo-
tion. The increased flow alignment is a consequence both
of the ODF becoming more centered around the flow di-
rection as χmax → 0 and higher alignment in this di-
rection. The same trend is seen at all channel heights
y/h, where as mentioned before, the strongest alignment
is found close to the visible walls (|y/h| = 0.4). Fur-
thermore, it is noted that the projected ODFs scale al-
most linearly with the ellipsoid aspect ratio and flow rate,
i.e. the ODFs look very similar when doubling the flow
rate from Q = 100 to 200 ml/h for half the aspect ratio
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rp, e.g. reducing rp from 50 to 25 or from 25 to 15.
The projected ODFs of dilute CNC follow very closely

the ODFs of Brownian ellipsoids between rp = 10 and 15.
Just like these short ellipsoids, the CNC ODFs are almost
isotropic at Q = 100 ml/h in the center region (Fig. 5c),
and have almost an identical shape in both the center
and intermediate regions up to Q = 200 ml/h. Although
the averaged alignment in the wall region is very similar
to the Brownian ellipsoids between rp = 10 and 15 (see
Fig 6b), there are some differences in the ODF shape.
The peak of the CNC ODF is broader, which also results
in the angle χmax not following the trend of the simulated
system in Fig 6a.

B. Semi-dilute CNC and CNF

In Fig. 7, the projected ODFs Ψχ are plotted in the
same way as before for CNC at three different concen-
trations from dilute (0.4 wt%) to semi-dilute/tactoidal
(3.6 wt%). These are compared with CNF at semi-dilute
conditions (0.4 wt%). The angle χmax and alignment
Sχ−χmax

in the wall regions are further summarized in
Fig 8.
For CNC, there is very little happening to the ODFs

going from 0.4 to 1.1 wt% in either part of the channel.
However, the flow alignment is slightly higher with both
a reduction of χmax and Sχ−χmax

in the wall region. The

electrostatic interactions giving rise to the appearance of
structure in Fig. 1d thus also aid in aligning the system
in shear, which could be modeled fairly well as a sys-
tem with dilute ellipsoids with less Brownian particles
(higher rp; cf. Fig. 6). As the CNC dispersion enters the
tactoidal state at 3.6 wt%, there is a dramatic change
of the ODF shapes in the channel. Already at low flow
rates, the system quickly aligns and reaches much higher
values of Sχ−χmax

in the wall region than what is found
for the less concentrated CNC (Fig. 8). Increasing the
flow rate, it is clear that the ODF shape is sharpening
slightly (Fig. 7), but remains almost the same with al-
most constant alignment Sχ−χmax

and angle χmax when
increasing flow rate from Q = 100 to 200 ml/h (Fig. 8).
Furthermore, compared to the dilute CNC, the alignment
is also varying less between center and wall regions (see
inset in Fig. 8b), illustrating a system that is seemingly
independent of average shear rates. At the walls, the
alignment of dilute CNC is even likely to be exceeding
that of the tactoidal state at flow rates Q > 200 ml/h.

Interestingly, the semi-dilute CNF shows significant
similarities with the semi-dilute/tactoidal CNC in terms
of the way they align in the square channel. Although
not reaching the same high levels of alignment as the
CNC system, the CNF also align easily at low flow rates.
As the flow rates increase, the ODF only changes slightly
with almost constant χmax in the wall region as well as
almost constant alignment Sχ−χmax

at different channel
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ferent aspect ratio rp in the wall region of the channel
|y/h| = 0.4. (a) Maximum probable angle χmax. (b) Align-
ment Sχ−χmax

in the χmax-direction.

heights and flow rates.

IV. DISCUSSION

The results in the previous section highlights two im-
portant findings:

1. The simulated projected ODFs of Brownian ellip-
soids with similar dimensions as CNC match very
well with the measured projected ODFs of dilute
CNC. The subtle differences of the ODF shape in
the wall region is probably due to all the strict as-
sumptions in the simulations including particles fol-
lowing exact straight streamlines and not interact-
ing either with each other or with the wall, some-
thing that might be more questionable at higher
flow rates.

2. Semi-dilute systems of CNF and CNC behave very
different from dilute systems, where they align eas-
ily at low flow rates but the ODF remains more or
less constant when increasing flow rate.

Although it is very difficult to prove exactly what is
giving rise to these nanostructural changes due to particle
interactions, we will here present a couple of hypotheses
based on previous findings on similar systems.

Firstly, we must address the fact that semi-dilute
CNF/CNC dispersions are non-Newtonian and are typ-
ically shear-thinning [17, 63]. This means that the ve-
locity profile in a pipe (or square channel) becomes less
parabolic and have stronger shear layers at the wall and
less shear (near-plug flow) in the center. However, for
similar CNF suspensions used here, it has previously
been shown that this effect is small [30]. Also the non-
Newtonian effects of the CNC dispersion at 3.6 wt% is
also small [64]. Apart from these previous studies, the
data in the present study is not favoring the idea of a
plug-like core, as this likely would result in a large dif-
ference in projected alignment between center and wall-
regions, which is opposite to observations in Fig. 8b. We
therefore assume that the velocity profile of semi-dilute
CNF/CNC also is close to the analytical laminar profile.

For CNC dispersions, a hypothesized scenario is illus-
trated schematically in Fig. 9. The region outside the
particle that is affected by its electrostatic charge is de-
scribed by the Debye length. At dilute conditions, the
average distance between the particles is much greater
than the Debye length and the particles behave similar
to Brownian ellipsoids (Fig. 9a). At semi-dilute state, the
CNC arrange in locally ordered tactoids where the parti-
cles are close enough to always affect each other through
electrostatic interactions (Fig. 9b) [55, 57]. When shear-
ing the system at low rates, the domains of locally or-
dered particles move collectively and the influence of
Brownian motion from surrounding molecules is sup-
pressed. This is very similar to the effect noted by
De France et al. [57], who observed that a magnetic field
could slowly align CNC, but only at concentrations cor-
responding to a tactoidal state, as lower concentrations
would be subject to too strong Brownian motion.

At higher shear rates, there are several effects that can
limit the degree of alignment of CNC in concentrated
dispersions.

Our proposed hypothesis is that the CNC are approx-
imately moving along with the tactoid according to the
non-Brownian Jeffery-orbit [33] corresponding to the tac-
toid shape. The tactoids are sometimes displayed as
nearly-spherical objects [56], which of course will not
yield very high alignment since a sphere just rotates with
constant angular velocity in shear. Assuming that the
the aspect ratio of a tactoid is lower than that of an
individual nanocrystal particle, the maximum degree of
alignment will be limited due to the Jeffery-period being
shorter and the tactoid spending less time with its main
axis aligned in flow-direction. The average ODF of non-
Brownian Jeffery-orbits from an initially random system
is also independent of shear rates, which would explain
the low difference in alignment between center and wall-
regions. Assuming further that the average alignment
of CNCs inside the tactoid is tilted with respect to the
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FIG. 7. Projected ODFs Ψχ of CNC at various concentrations compared with CNF (0.4 wt%). The flow rate is Q = 100 ml/h in
(a)-(c) and Q = 200 ml/h in (d)-(f). The ODFs are plotted for (a)&(d) the wall region (y/h = −0.4); (b)&(e) the intermediate
region (y/h = −0.2) and (c)&(f) the center region (y = 0).

tactoid major axis as illustrated in Fig. 9b, would be a
possible explanation for the tilt angle at the wall not ap-
proaching zero with increasing flow rate.

An alternate hypothesis could be that shearing forces
might become so strong that the local arrangement is
disturbed and particles can move individually. The col-
lisions of rod-like Brownian particles is known to en-
hance the thermal noise as they provide more ”kicks”
to each other, thus resulting in stronger Brownian ro-
tary diffusion [65]. However, this hypothesis would im-
ply that the structure peak will be affected with higher
shear rates. Fig. 10 shows the Lorentz-corrected scatter-
ing intensities in flow (z) and cross-flow (y) directions in
the wall region (|y/h| = 0.4) at two different flow rates
Q = 10 and 200 ml/h. It is clear that the scattering
curves maintain more or less the same shape with increas-
ing shear rate and only change in absolute intensity fol-
lowing the higher scattering anisotropy due to alignment.
Therefore, we can conclude that the tactoidal structure
is not disrupted by the increasing shear.

Another alternate hypothesis could relate to the fact
that the nematic equilibrium arrangement of CNC con-
sists of domains of particles, not perfectly aligned with
nearby domains, but having a pitch resulting in a chiral
structure [47, 59, 66]. Since the perfect alignment would
result in a zero pitch, there could be electrostatic torques
that counteract the hydrodynamic alignment. However,
this effect is probably very small as it has been shown

previously that the pitch disappears when shear is ap-
plied [48, 66] and reappears when shearing is removed.

For CNF dispersions, similar trends are found as for
the semi-dilute CNC system; both tilt angle and align-
ment are nearly constant in the shear layers of the chan-
nel with increasing flow rate. The alignment is still rel-
atively high at low flow rates, which probably again is
due to the collective motion of the loosely entangled fib-
rils. The collective motion is believed to be mechanically
induced due to entanglement rather than through elec-
trostatic interactions, since the average distance between
fibril segments is much greater than the Debye length,
which is of the order of 10 nm for CNF [43]. At higher
shear rates, there can also be several reasons for the lim-
iting behavior, i.e. that a high degree of alignment can
not be reached in the shear layers, which is schematically
illustrated in Fig. 11.

One possibility is that the nanofibrils are slightly flex-
ible, which could cause the particle to curl up in the
shear flow and self-entangle into almost isotropic bun-
dles that rotate with the local vorticity (Fig. 11a), some-
thing that is known to happen for macroscopic flexible
fibers [67, 68] and polymers [69]. Even if the nanofibrils
would be rather stiff, the intermittent tumbling motion
of elongated particles in shear could lead to mechani-
cal interactions with other fibrils that make them form
larger bundles or flocks rotating with vorticity (Fig. 11b),
something that has also been seen in both CNF and CNT
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FIG. 8. Summarized results from in situ SAXS of CNC at
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Angle χmax and (b) Alignment Sχ−χmax
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|y/h| = 0.4. The inset figure shows the alignment distribution
Sχ−χmax

depending on channel height y/h at Q = 200 ml/h.

dispersions [24, 25, 29]. It is also likely that these flocks
are slightly stretched towards the extensional direction
of the shear flow (45◦ w.r.t. flow direction) as known for
deformable capsules [70] and red blood cells [71]. This
would make the fibers having a preferred alignment in the
stretching directions. The increased alignment at higher
shear rate could be due to further stretching of these po-
tentially elastic aggregates. Martöıa et al. [72] argued
that the Brownian rotary diffusion should have a negligi-
ble effect on the CNF dispersions in shear flow, which is
consistent with the observed constant ODF over all flow
rates here. However, flow-stop experiments of similar
systems shows both fast and slow time scales, indicative
of Brownian rotation of polydisperse fibrils [73].

It is clear, that the behavior of CNF in shear flow
is very complex and accurate predictions would require
knowing the flexibility of individual fibrils, which is not
fully understood and is probably highly dependent on the
source materials and preparation steps.

Debye length

CNC

Dilute

(Brownian)

Semi-dilute

(tactoids)

a b

FIG. 9. Schematic illustration of hypothesized CNC interac-
tions. (a) In dilute state, the Debye length is much smaller
than distances between particles and CNC behave like Brow-
nian ellipsoids. (b) In semi-dilute state at low shear rates, the
CNC are influencing each other with electrostatic forces and
moving collectively in less Brownian tactoids.
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FIG. 10. Lorentz-corrected intensities Iq2 versus q evaluated
in flow (z) direction and cross-flow (y) direction in the wall
region |y/h| = 0.4 at Q = 10 and 200 ml/h.
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FIG. 11. Schematic illustration of hypothesized CNF behav-
ior in shear flow. (a) Flexible CNF can potentially curl up in
nearly spherical bundles and thus not be easily aligned. (b)
Stiff CNF can potentially form larger bundles/flocks that are
slightly stretched in the extensional direction of the shear flow
(45◦ w.r.t. flow direction).
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FIG. 12. Illustration of the rheo-optical experiments. (a) The optical setup (laser and polarization filters) is rotated with a
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The dashed curves show the spline fits to obtain χmax. (c) Alignment Sχ−χmax

and angle χmax compared with SAXS are
obtained by using B ∝ Sχ and using the SAXS results at Q = 200 ml/h as reference.

V. A RHEO-OPTICAL APPROACH

Quick determination of the orientation distributions
during flow typically rules out the usage of SAXS, which
often requires the access to a synchrotron radiation facil-
ity or expensive lab-scale X-ray equipment. Since CNF
and CNC dispersions are birefringent due to a crystalline
structure along the particle principle axis, the orientation
distribution can also be estimated by measuring the bire-
fringence with rheo-optical techniques [27, 28]. However,
state-of-the-art rheo-optical tools can also be expensive.
Here, we will demonstrate a very simple and cheap setup
that can be used for providing estimations of angle χmax

and alignment Sχ−χmax
, similar to the work by Ober

et al. [28].

The flow cell is placed between two cross-polarized lin-
ear polarization filters oriented +45◦ and −45◦ with re-
spect to the flow direction (details in appendix E). A
laser module with polarization parallel to the flow is used
as the light source and the intensity I is simultaneously
recorded with a camera. In this configuration, the square
root of the recorded intensity I, called relative birefrin-
gence B =

√
I, is proportional to the orientation pa-

rameter Sφ = 〈3
2
cos2 φ − 1

2
〉, where φ is the 3D polar

angle with respect to the flow direction [31, 73, 74] (see
Fig. 1a). This technique is a measurement of the relative
alignment along the flow direction, but it is only valid for
small changes to birefringence in the sample and is not
suitable for concentrated CNC systems. We therefore
only measure on CNC and CNF at 0.4 wt%.

When rotating the optical setup with a certain an-
gle χp, the relative degree of alignment Bχp

∝ Sφ−χp

is probed (see Fig. 12a). Observing the degree of bire-

fringence at different probe angles χp close to the wall
(Fig. 12b), it is seen that there is a maximum value at
a certain probe angle similar to the highest probable an-
gle found with the in situ SAXS experiments. This angle
can be used as an estimation of χmax to compare with the
previously obtained quantities. The rheo-optical experi-
ments only give a relative measurement of the order pa-
rameter. Therefore, in order to compare it quantitatively
with the SAXS results, a reference point is needed. In
this study, the SAXS results of Sχ−χmax

at Q = 200 ml/h
is used as a reference Sref and the degree of alignment is
given by Sφ−χmax

= (Bχmax
/Bref)Sref. Further assuming

Sφ ≈ Sχ, the results can be compared with the earlier
SAXS-results.

The dashed curves in Fig. 12c show the results of the
rheo-optical measurements of CNC and CNF at 0.4 wt%.
Both for the CNF and CNC dispersions, the angle χmax

can be very accurately predicted. The increase in align-
ment as a result of the flow rate is very accurately cap-
tured as long as there is one reference point with known
alignment (here taken at Q = 200 ml/h) and assuming
Sφ ≈ Sχ. Since χmax and Sχ−χmax

are indicative of par-
ticle shapes and interactions, this experiment could pos-
sibly provide a simple, cheap and quick way of estimating
the constituents of a birefringent dispersion.

VI. CONCLUSIONS AND OUTLOOK

Flow-assisted assembly of nanostructured materials on
an industrial scale has the potential to become a real-
ity in a near future. In particular nanocellulosic ma-
terials, consisting of dispersed CNF and/or CNC, have
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very promising properties in creating new biobased 1D
materials (e.g. filaments for new textiles), 2D materials
(e.g. barrier films, membranes for water purification) and
even 3D-printed materials. By controlling the orientation
distribution of these elongated particles during process-
ing, the internal nanostructure and thus macroscopic ma-
terial properties, such as mechanical strength/stiffness,
can possibly be fine tuned.

Previous studies of flowing CNF/CNC dispersions have
mainly focused on qualitative studies of alignment using
rheo-optical techniques or only semi-quantitatively using
SAXS comparing the alignment with integrated quanti-
ties such as Hermans orientation factor. There are, to
our knowledge, no studies that take into consideration
both the varying degree of shear rates and shear direc-
tions in a channel flow, as well as the non-axisymmetry
of the orientation distribution function (ODF) caused by
the planar deformation in a shear flow.

In this work, we have studied in detail the projected
flow-induced orientation distributions of dispersed CNC
and CNF in a square channel flow using scanning mi-
crobeam SAXS. For the CNC system, we demonstrated
the difference in hydrodynamic alignment when the con-
centration is low (dilute), which in turn could be com-
pared with simulations of non-interacting Brownian ellip-
soids having similar dimensions. The results from simula-
tions took into account different shear rates and shear di-
rections and yielded a very similar projected ODF as ob-
tained in the experiment. The good agreement between
simulations and experiments indicates that the CNC dis-
persions at dilute concentrations indeed behave similarly
to what can be expected from Brownian ellipsoids.

The main features used to compare ODFs was the
highest probable projected angle χmax and degree of
alignment in this direction Sχ−χmax

. Generally, higher
flow rates lead to stronger alignment at the walls as well
as the ODF being more centered around the flow direc-
tion as χmax → 0 (instead of tilting towards the shear
direction). At low flow rates, both semi-dilute disper-
sions of CNC and CNF show relatively high alignment,
indicating that particle-particle interactions inhibit the
effects of Brownian rotary diffusion and collectively re-
spond to the shear. At high flow rates, the flow align-
ment seems limited and the ODF is seemingly reaching a
point where it is independent of the flow rate but far from
perfect alignment. For semi-dilute CNC dispersions, the
likely reason is that the CNC move collectively in large
ellipsoidal tactoids, which themselves have lower aspect
ratios than individual particles and will thus spend less
time aligned in flow direction. For semi-dilute CNF dis-
persions, the reason could be due to self-entanglement
and/or fibrils forming bundles that rotate with local vor-
ticity rather than aligning with the flow.

This study is the first quantitative investigation of
CNF and CNC orientation distributions in a channel
flow, which is the simplest process-relevant flow situa-
tion. As an outlook, it would be interesting to study
different flow situations in the same way, where there

is a combination of shear and extensional/compressional
flows in converging or diverging channels. The study
here indicates that the orientation distributions in shear-
dominated flows are dependent on individual fibril sizes,
shapes and properties. It would thus be interesting to
study the influence of using different source materials
(e.g. other types of biomass) and preparation methods
(e.g. CNF oxidized through carboxymethylation). Addi-
tionally, improved numerical models including particle-
particle interactions might reveal the keys for controlling
the collective behavior of semi-dilute CNF and CNC dis-
persions. As demonstrated clearly through the numerical
simulations, the ODF is very sensitive to the aspect ratio
of the elongated nanoparticles. This opens up an intrigu-
ing idea of using this type of experiment as a measure-
ment of particle shapes in dilute systems. We hypothesize
that by collecting enough data of different systems (dif-
ferent sizes, aspect ratios and polydispersity), it might
be possible using machine learning methods to link the
evolution of the ODF at different flow rates to the most
probable set of particle shapes.
As a final remark, we see this work as an important

stepping stone towards using SAXS in combination with
numerical simulations to study the in situ structural
changes during bottom-up processing of nanostructured
materials, which might stretch far beyond materials from
cellulose.
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Appendix A: Sample preparation

The TEMPO-oxidized cellulose nanofibrils (CNF) and
cellulose nanocrystals (CNC) were purchased as aqueous
slurries from the University of Maine Process Develop-
ment Center.
The CNF slurry, produced from bleached wood pulp,

contained 1.1 wt% of nanofibrils in water, where the
TEMPO oxidation process had resulted in 1.5 mmol of
carboxylate-groups (COO−) per gram of dry material.
The obtained slurry was diluted to the desired concen-
tration, mixed and passed five times through a high pres-
sure (200 bar) homogenizer. After subsequent microfil-
tration (40 µm) and overnight (>12h) ultrasonication,
the CNF dispersion was assumed to be free of large aggre-
gates. The final concentration was determined through
the gravimetric analysis.
The CNC slurry also produced from wood pulp

through sulfuric acid hydrolysis contained 12.1 wt% of
nanocrystals in water. Through acid hydrolysis, the dis-
persion was stabilized with 0.3 mmol of sulfate-groups
(OSO2−

3 ) per gram of dry material. The obtained CNC
slurry was diluted to the desired concentration with sub-
sequent mixing prior to experiments.
The degree of interactions between the nanoparticles

can be estimated using the crowding factor N , defined as
[10, 75]:

N =
2

3
Φr2p (A1)

where, Φ is the volume fraction and rp is the particle
aspect ratio. The volume fraction can be estimated as
the weight fraction multiplied with the ratio of densities
between water (1000 kg/m3) and cellulose (1500 kg/m3).
For CNF, the aspect ratios (estimated through TEM) are
of rp = O(100), leading to a crowding factor of N ≈ 18 at
0.4 wt%. For CNC, the aspect ratios are of rp = O(10),
leading to crowding factors N ≈ 0.2, 0.5 and 1.6 for con-
centrations 0.4, 1.1 and 3.6 wt%, respectively. The aver-
age number of contacts points for an individual fiber [10]
is given by nc = 3N/rp, so even if the CNC at 3.6 wt%
has almost 10 times lower crowding factor than CNF at
0.4 wt%, they still experience approximately the same
average number of contacts.

1. Fibril characterization with TEM

Transmission electron microscopy (TEM) experiments
were performed using a JEOL JEM-1400 TEM instru-
ment with a Ruby camera at the Center of Functional

Window material

Channel plate

FIG. 13. Illustration of the flow cell, consisting of a channel
plate, window material and thick aluminum plates.

Nanomaterials, Brookhaven National Laboratory. For
the measurements, the operating voltage was set to 120
kV. The CNF and CNC dispersions were diluted below
0.01 wt% and approximately 2.2 µL was dropped on a
carbon-coated copper grid, followed by subsequent stain-
ing using 2 wt% of aqueous uranyl acetate solution in
order to obtain sufficient contrast.

Appendix B: Flow cell and setup

The experimental flow cell consisted of a four-channel
crossing, where a core flow of CNF/CNC dispersion could
be focused by two sheath flows of water (see Fig. 1a).
Fig. 13 illustrates the assembly of the flow cell, which
consists of: 1) a 1 mm aluminum channel plate where the
flow-focusing channel is milled; 2) foils acting as window
material and walls to the channel; the material is Kap-
ton (DuPont, 200HN, each 51 µm thickness) for SAXS
experiments and cyclic olefin polymer (COC, Tekni-plex
8007 X-04, each 150 µm thickness) for rheo-optical exper-
iments; 3) 10 mm thick aluminum plates for mechanical
stability and fluid distribution. The flow cell sandwich is
assembled using 22 screws. The fluid distribution com-
prises two syringe pumps (NE-4000), one for the core
flow and one (with two individual syringes) for the sheath
flow. The flow rate Q is set to be the same on both sy-
ringe pumps and the outlet flow rate is thus 3Q.

Appendix C: SAXS experiments

A schematic illustration of the experimental setup
for the SAXS experiments is illustrated in Fig. 14a.
The flow cell is mounted vertically with the main flow
direction in the same direction as gravity. A traversing
stage allows to direct the focused X-ray beam at a given
y, z-position in the channel. The average orientation dis-
tribution functions in the square channel part upstream
of the focusing section are obtained from scattering
patterns at 9 lateral positions y/h = −0.4, 0.3, . . . , 0.4
(h = 1 mm) and averaged over three downstream
locations (z/h = −0.5,−1.5 and −2.5) as illustrated in
Fig. 14a. The length of the channel between inlet and the
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FIG. 14. (a) Schematic illustration of the setup for the SAXS
experiments; (b) the actual flow cell on the translation stage
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FIG. 15. Illustration of the fitting of the CNC and CNF
isotropic scattering curves I(q) using a monodisperse and
polydisperse parallelepiped model (MD-PP and PD-PP).

measurement region is approximately 50 mm. The high
aligned reference point is taken in the focusing region at
z/h = 1.5 and y = 0 at a flow rate of Q = 200 ml/h. A
photo of the actual setup at the LiX beamline (16-ID)
at NSLS-II, Brookhaven National Laboratory is shown
in Fig. 14b.

1. Isotropic I(q) and fitting procedure

The isotropic scattering patterns were evaluated at
the center of the channel upstream of the focusing re-
gion (z/h = −2.5, y = 0) at the lowest flow rate
(Q = 10 ml/h). The scattering diffractogram I(q, χ) was
averaged over all projected angles χ to form the isotropic
curves I(q) in Fig. 1c in the main manuscript. The data
at 0.4 wt.% was used as the form factor for both CNF
and CNC to determine the approximate cross-sectional
dimensions through fitting using SasView v4.1.2.
For CNF, the I(q)-curve was fitted using a monodis-

perse parallelepiped model with length assumed to be
L = 1000 nm, which is large enough to not have any
significant effect on the scattering within the q-range.
The resulting fit providing cross-sectional dimensions of
5.6 × 2.0 nm2 is illustrated in Fig. 15. The fit can
be improved by including polydispersity (black curve in
Fig. 15) or using more complicated models, but it was
determined that a simpler model is more reasonable to
capture the mean dimensions accurately.
For CNC, the I(q)-curve was fitted using a polydis-

perse parallelepiped model with length fixed to L =
200 nm, similar to the length in the TEM images. Poly-
dispersity was included as the monodisperse model was
not able to capture the important features in the scatter-
ing pattern. Polydispersity to both width and height was
included using an assumption of a lognormal distribu-
tion of each dimension. The resulting fit providing mean
cross-sectional dimensions of 30.8×3.5 nm2 (standard de-
viations 20.2 nm and 1.5 nm, respectively) is illustrated
in Fig. 15.

Appendix D: Numerical simulations

The numerical simulations to obtain the orientation
distribution of spheroidal particles in channel flow were
carried out based on the method by Almondo et al. [39],
which describes the Brownian rotation of a single ellip-
soid in an unbounded linear flow field that can be repre-
sented by a velocity gradient matrix J. The simulations
were implemented in MATLAB R2018b.
The velocity profile of a fully developed laminar flow

through a square channel with side h = 1 mm and volu-
metric flow rate Q was obtained from Spiga and Morini
[32]. The cross section is discretized into 10× 10 equally
sized cells, in which the average spatial velocity deriva-
tives were estimated, and the velocity gradient matrix
J could be defined in each cell. Note that all deriva-
tives in the flow (z) direction are zero, as well as the
velocity components ux and uy. The only non-zero ve-
locity gradients are duz/dx and duz/dy. The shear rate

in each cell was defined by γ̇ =
√

(duz/dx)2 + (duz/dy)2.
The minor semi-axis of each spheroid was chosen to be
b = 10/2 nm= 5 nm. Depending on the chosen aspect
ratio rp, the major semi-axis of the spheroid was deter-
mined as a = b/rp. The Peclet number, Pe, is defined
as Pe = γ̇µVp/(kBT ), where µ = 10−3 Pa s (water),
T = 293 K (room temperature), kB is the Boltzmann
constant and Vp = 4πab2/3 is the volume of the spheroid.
Given the chosen aspect ratio rp and Peclet number

Pe in one cell, a spheroid was sampled with a random
initial orientation. The spheroid was simulated for two
rotational periods 2TJ defined at Pe = 0 by Jeffery [33]
as TJ = 2π(rp + r−1

p )/γ̇. The time step δt was chosen to
be inversely proportional to γ̇ (higher shear rate leads to
smaller time step) and linearly proportional to rp (as the
Jeffery-period increases almost linearly with rp). As a
compromise of accuracy and computational time, a time
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FIG. 16. Schematic illustration of the optical setup for the
rheo-optical experiments.

step of δt = rp/(5000γ̇) was chosen. The procedure was
repeated for Np = 50 particles in all of the 100 cells.

The midpoint heights of the simulated cells were given
by y/h = 0.45, 0.4, . . . ,−0.45. To determine the 3D ori-
entation data at a certain height y/h = 0.4, 0.3, . . . ,−0.4,
the combined data from all adjacent cells in the viewing
(x) direction (a total of 20 cells) was considered (Fig. 4b).
The time series of all the orientations of all particles in
these cells were combined together. From the total com-
bined data set at TJ < t < 2TJ , consisting of≈ 30 million
individual orientations at a statistically assumed steady
state (statistics were found not to vary in time), 500000
individual orientations were randomly chosen to form the
total 3D orientation distribution function (ODF) in the
viewing direction. The orientation of a particle was de-
scribed by a unit vector p = (px, py, pz) in the direction
of the particle major axis. From the 3D ODF, we could
define the order parameter Sφ =

〈

3
2
cos2 φ− 1

2

〉

, where φ
is the spherical polar angle between p and the z-axis and
the brackets denote an ensemble average of fibrils.

From the chosen set of particle orientations, the pro-
jected angle was calculated as χ = atan2(py, pz), com-
pressed to the range χ ∈ [−90◦, 90◦] using the fact
that χ = 90◦ + χ0 is equivalent to χ = −90◦ + χ0 for
an arbitrary χ0 (and χ = −90◦ − χ0 is equivalent to
χ = 90◦ − χ0). The histogram of the 500000 values of χ
was normalized to create the 2D orientation distribution
function Ψχ of the projected angle χ at a given channel
height y, flow rate Q and aspect ratio rp. The procedure
was repeated for aspect ratios rp = 10, 15, 25 and 50 and
for flow rates Q = 5, 10, 25, 50, 100 and 200 ml/h. All
ODFs from the numerical simulations are provided as
supplementary information [76].

Appendix E: Rheo-optical experiments

Fig. 16 illustrates the optical setup of the rheo-
optcial experiments. The flow cell was placed between
two linear polarization filters mounted on precision
rotation stages with manual control of polarization
direction. The Kapton films were replaced by 150 µm
thick COC films (Tekni-plex 8007 X-04) with very
low birefringence. The channel was illuminated by a
wide laser module (λ = 660 nm, spot size ≈ 10 mm
diameter), which was also mounted to be allowed to
rotate. In the standard configuration, the laser light,
polarized in the flow direction, was travelling through
the first (polarizer) filter, polarized +45◦ to the flow
direction, through the flow cell and then through a
second (analyzer) filter, polarized −45◦ to the flow
direction. In order to not saturate the pixel values on
the camera at the lowest exposure time, an additional
polarization (absorber) filter was placed directly after
the analyzer (rotating together with analyzer) to reduce
the intensity. The transmitted light was recorded by a
CCD camera (Mako U-029B, Allied Vision). In this con-
figuration, the transmitted light intensity is equal to [77]:

I = I0 sin
2(∆γ), (E1)

where ∆γ = (2πd/λ)∆n. Here, d is the sample thick-
ness, I0 is an unknown constant related to the laser in-
tensity, λ is the laser wavelength and ∆n is the differ-
ence between the refractive indices in flow and cross-flow
directions, i.e. the birefringence of the material caused
by CNC/CNF alignment in the flow (or cross-flow) di-
rection. For the CNF/CNC dispersions at 0.4wt%, the
phase shift ∆γ can be assumed small and the intensity
becomes directly proportional to the square of birefrin-
gence I ∝ (∆n)2. Furthermore, it is known by Van Gurp
[74] that the birefringence of the material is propor-
tional to the Herman orientation parameter of the fib-
rils Sφ = 〈3

2
cos2 φ − 1

2
〉. As Sφ is directly propor-

tional to ∆n, a relative relationship can be written as
Sφ = (Sφ,ref/

√
Iref)

√
I, where the exact value of Sφ only

can be known by relating it to some reference data.
For each separate sample, we define the reference at
Q = 200 ml/h, where Sφ,ref is estimated from SAXS (as-
suming Sφ ≈ Sχ) and Iref is the intensity at the same
position and flow rate.

The measurements were done by recording the inten-
sity for different probing angles χp = 45◦, 40◦, . . . ,−45◦,
by rotating the entire optical setup (laser + polarizer
+ analyzer + absorber) from the standard configuration
with the same angle. The intensity was further adjusted
using the assumption that the maximum Sφ−χp

is equal
regardless of positive or negative y/h. This allowed us
to map out Sφ−χp

in the entire channel, which is defined
as the 3D alignment around an axis in the viewing plane
with angle χp to the flow direction. The angle χmax is
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FIG. 17. Illustration of how the birefringence curves are ob-
tained in the rheo-optical experiments; the final curves are
taken as the average of the raw curve at a given position y
(dashed) and the mirrored curve at position −y (dotted).

defined at a certain channel region as the χp that maxi-
mizes Sφ−χp

in the set of pixels included in region.

Fig. 17 illustrates the procedure to obtain the bire-
fringence curves from the rheo-optical experiments. The
intensity I scaled with the exposure time texp is evaluated
at a certain y-position in the channel for various probing
angles χp (filters and laser rotated with this angle). This
results in the two dashed curves for positions y/h = −0.4
(blue) and y/h = 0.4 (red). For a perfect optical setup,
these two curves would just mirror each other, since the
flow is symmetric around the y = 0 plane. To correct
this, the final curve at y/h = −0.4 is taken as the av-
erage of the raw curve at y/h = −0.4 and the mirrored
curve from y/h = 0.4, and vice versa. This forces the
two curves to be perfect mirror images of each other as
illustrated in the figure. All birefringence curves from the
rheo-optical experiments are provided as supplementary
information [76].
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L. D. Söderberg, Nanofibril alignment in flow focusing:
Measurements and calculations, J. Phys. Chem. B 120,
6674 (2016).

[42] N. Fakhri, F. C. MacKintosh, B. Lounis, L. Cognet, and
M. Pasquali, Brownian Motion of Stiff Filaments in a
Crowded Environment, Science 330, 1804 (2010).

[43] C. Brouzet, N. Mittal, F. Lundell, and D. Söderberg,
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