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Abstract Significant importance in the stiffness of
materials, such as filaments and films, made of elon-
gated components, has been attributed to orientation.
Thus, the control of orientation during the manu-
facturing of materials has been the target of process
optimization for long time. Measuring orientation
during the process allows to better grasp the means
to control it. In fact, such online tools would enable
on-fly process control and optimization improving the
flexibility with regards to the raw materials used, and
the application requirements. In this article, we will
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discuss a method based on polarization-sensitive opti-
cal coherence tomography utilized as a light-weight
online measurement tool of particle (here cellulose
nanocrystals) orientation for the purposes of manu-
facturing next generation products by providing the
appropriate interpretation of the retardation images
with the help of modelling.
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Introduction

Cellulose nanocrystals (CNCs) are an emerging bio-
degradable material that attracts strong interest due
to its high mechanical strength, possibility to mod-
ify its chemical or physical conditions, and its opti-
cal properties (George and Sabapathi 2015; Habibi
et al. 2010). CNCs are typically manufactured from
cellulose using strong acid hydrolysis. The surface
chemistry and the size of CNC particles is dictated
by the hydrolysis conditions and cellulose source.
CNC particles are strongly elongated the aspect
ratio being typically between 10 and 100. Due to
their strength and high aspect ratio, CNC particles
can be used as a reinforcement in many materials.
Promising results have been obtained e.g. with fila-
ments and fibers (Chen et al. 2014; Shrestha et al.
2018), films (Tatsumi et al. 2015; Kim et al. 2021),
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and three-dimensional printing (Hausmann et al.
2018). Here controlled assembly of CNC parti-
cles is highly important for optimizing the strength
properties of the produced materials (Reising et al.
2012).

CNC particles have shown great promise in
improving the mechanical properties of many mate-
rials. However, their potential can be fully realized
only if the orientation of the CNC particles can be
optimized. Like other rod-like particles (Gunes et al.
2008; Pujari et al. 2011; Leahy et al. 2017), CNC par-
ticles tend to align in the direction of flow under shear
when the time scale of the shear rate is low enough
to overcome the characteristic relaxation time of rota-
tional (Brownian) diffusion of their suspensions (Ali-
zadehgiashi et al. 2018; Tsvetkov et al. 2017). The
orientation of CNC particles in the final product can
thus be improved by utilizing shear-induced align-
ment (Rosén et al. 2020). Other possibilities include
flow focusing (Gowda et al. 2019) and extensional
flow field (Pignon et al. 2003). Thus, understanding
the alignment of CNC particles under various flow
conditions is an important problem for materials
science.

Typically the orientation may be determined from
the final structure. Here various means from optical
microscopy imaging to different scattering methods
or even scanning electron microscopy and atomic
force microscopy may be used. However, the pro-
cess to form a sample, which allows these types of
experiments is manifold: the dispersion is pumped,
transferred via piping, laid, and solidified. Therefore,
improvements to alignment in such a complex process
occur typically as a result of trial and error involving
adjusting the sub-processes according to intuition.
online measurement of the orientation would greatly
speed up the development of these processes.

Online monitoring of the alignment of particles at
different parts of the process is often times cumber-
some for an industrial-type setting. Small angle X-ray
scattering (SAXS)(Rosén et al. 2020, 2018) and small
angle neutron scattering (SANS) (Sawada et al. 2021)
are viable and accurate tools for the purpose in a sci-
entific environment. They, however, rely on heavy
and expensive machinery that is not as feasible to be
used to monitor an industrial process. On the other
hand, the rheo-optical studies are often time- and
labor-intensive and require complicated experimental
setups (Fuller 1990).
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Above critical mass fraction, CNC particles form
liquid crystalline phases in aqueous CNC suspensions
(Shafiei-Sabet et al. 2012). Self-organization usu-
ally begins when CNC mass fraction exceeds 5-6%
(Parker et al. 2018). These suspensions affect the
polarization state of light and are strongly birefrin-
gent materials. Birefringence is also observed with
lower mass fractions when the CNC particles are
ordered e.g. by shear-induced orientation.

Polarization of light has been widely utilized in the
analysis of the orientation of CNC particles both in
capillaries (Alizadehgiashi et al. 2018; Rosén et al.
2020), and in rotational rheometers (Shafiei-Sabet
et al. 2012; Kadar et al. 2021). A novel option for
polarization-based orientation analysis is polariza-
tion-sensitive optical coherence tomography (PS-
OCT) (Hee et al. 1992) (de Boer et al. 2017). It has
the advantage over other polarization-based applica-
tions that it gives local information of the polariza-
tion state while other methods give only an integrated
polarization effect across the flow geometry.

Orientation of rod-like particles in a particle sus-
pension connects to the suspension rheology: when
particles are aligned with the flow field, they resist the
flow less compared to their cross-directional counter-
parts. In practice under shear flow non-interacting
particles experience a rotation (Jeffery orbits) (Ingber
and Mondy 1994). During the rotation, the angular
velocity of the particle decreases when it is aligned,
and reaches its maximum when it is perpendicular to
the shear. This creates a time average orientation for
the individual particles. The duration of the full Jef-
fery orbit may be estimated by T = 2zr,/y (Mason
and Manley 1956), where r, is roughly 0.7 times the
aspect ratio. For the CNC particles studied here this is
roughly 136/7. At higher mass fractions, repulsively
interacting stiff particles tend to form phases familiar
from liquid crystals. Attractively interacting particles
may even form aggregates, flocs, or superstructures,
which may again align with the flow field (Blaser
2000; Adachi et al. 2019).

Rheologically suspensions consisting of ani-
sotropic particles exhibit shear thinning and time
dependence at any significant particle concentrations
(Sepehr et al. 2004). In a process, this couples to the
stress distribution imposed by the process conditions.
In extreme cases this may lead to shear localization
effects and shear banding. However, for instance in
capillary flows this kind of rheological behavior leads
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to diminishing shear rates at the center of the capil-
lary leading to poor alignment at these regions. The
width of this regime depends on the shear thinning
exponent of the fluid. At large shear thinning expo-
nents this may lead to a situation where significant
portion of the particles is very poorly oriented due to
the lack of shear.

In this work, we report the results of experimental
studies, based on PS-OCT, and simulations of flow-
induced alignment of rod-like cellulose nanocrystals
in a laminar, fully developed, capillary flow. We will
analyze the results both in the context of a simple
optical model and an orientation model based on Fok-
ker—Planck equation. We have organized the manu-
script in the following way: First, we will introduce
the reader to the materials and methods applied, then
we will discuss our results, and finish the manuscript
in our concluding remarks.

Materials and methods

In this section we will introduce the materials and
methods used.

Polarization-sensitive optical coherence tomography

Optical coherence tomography (OCT) is a well-estab-
lished technique for structural imaging of semi-trans-
parent materials at the micrometer scale (Swanson
et al. 1991; Chen et al. 1997). OCT has been tradi-
tionally used for medical and biological applications,
but its use is increasing in other fields of science and
technology (Drexler and Fujimoto 2008; Koponen
and Haavisto 2020). OCT utilizes low-coherence,
near-infrared light to measure the reflectivity of the
sample as a function of depth. By acquiring several
side-by-side depth profiles (A-scans), a 2D or 3D
tomographic image can be obtained for the structure
of the sample. OCT can be used for the structural
analysis of turbid and opaque materials. The achiev-
able OCT imaging depth is typically in the range of a
few millimeters, but it depends strongly on the stud-
ied material.

Doppler optical coherence tomography (DOCT)
is an extension of OCT. It can be used for measur-
ing the velocity field (in the direction of the meas-
urement beam) inside the studied sample simulta-
neously with structural imaging. Due to high OCT

temporal resolution (typically tens of kHz) DOCT
enables acquiring sharp images of e.g. fast flowing
suspensions.

Polarization-sensitive OCT (PS-OCT) adds meas-
urement of the polarization state of the back-scattered
light to the OCT technique (Hee et al. 1992; de Boer
et al. 2017). PS-OCT thus enables the measurements
of local polarization properties which depend on the
micro-structure of the material. The polarization state
of light can be changed e.g. by birefringent materi-
als that have a refractive index that depends on the
polarization and propagation direction of light. Bire-
fringent material causes a relative delay between two
orthogonal polarization states of light which is known
as phase retardation. PS-OCT can be used for measur-
ing the local retardation in the material. Other quanti-
ties obtained with the PS-OCT are the local optic axis
(the direction along which a ray of transmitted light
suffers no birefringence) and local degree of polari-
zation. The latter quantity is useful for materials that
depolarize the incident polarized light, resulting in an
arbitrary polarization state of the light.

The PS-OCT device used in this study was TEL
220 PSC2-Spectral Domain PS-OCT System from
Thorlabs. The central wavelength of the device is
1300 nm, axial resolution in the direction of the light
beam is 3.7 pm in water, and the lateral resolution of
the used optical lens is 13 pm. In this study, the rate
of one-dimensional A-scans was 5.5 kHz, thus one
cross-sectional image consisting of 250 A-scans was
acquired in 45 ms.

Cellulose nanocrystals

The Celluforce nanocrystals were obtained as a pow-
der. The CNC powder was dispersed in water by add-
ing 5 wt% of powder through a sieve, while mixing it
simultaneously with a magnetic stirrer. Once all CNC
powder was added, the dispersion was mixed for 1 h.
Subsequently, the dispersion was ultra-sonicated with
the ultrasound energy of 250 J/mL under an ice bath
to remove any remaining aggregates.

The ultrasonicated suspensions are stable for rea-
sonably long times, but they will start forming aggre-
gates given enough time. Due to this, and owing to
the fact that the crystals themselves are inert towards
the ultrasonication, the CNC solutions were ultrasoni-
cated for a 2 min time before the usage.
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Fig. 1 Rheological characteristics of the CNC suspensions
under scrutiny. Upper panel: flow curves as measured using a
rotational rheometer, lower panel: flow behavior index n based
on a power law y = K7"~! fit to the rheological data at shear
rates y > 10

Rheological characterization

The rheological characterization of the suspen-
sions was performed using a rotational rheometer
(Anton Paar MCR302) employing a cone-and-plate
setup (CP50-1, cone angle 0.984°) with a diameter
of 49.96 mm and a 0.099 mm gap. The sample was
loaded in the setup with a pipette. The steady-state
shear viscosity data was gathered using an increas-
ing shear rate ramp consisting of 26 discrete shear
rates from 0.05 to 500 1/s. The timeout for each
point was 120 s. The obtained viscosity-shear
rate curves are shown in Fig. 1. For all mass frac-
tions the slope of the viscosity - shear rate curves
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increased with higher shear rates. Such behavior
has been observed also by others and our results are
qualitatively similar to those e.g. by Shafiei-Sabet
et al. (2012).

Retardation

Here we make a simple attempt to rationalize the
retardation images obtained from PS-OCT experi-
ments. In the context of PS-OCT, the retardation
change in a small element of thickness ds is propor-
tional to the variation of the index of refraction 4n.
The retardation change may be expressed as

27 -ds - An
Il = =————. Q)
0

where / is the wavelength of the light in a vacuum
(Wiesauer et al. 2006; de Boer and Milner 2002).
Additionally, as the OCT probe uses a telecentric lens,
the light rays leave the probe in a parallel fashion.
Therefore, simulating the retardation images reduces
to simple ray tracing in a material with a locally
defined index of refraction. In the case of elongated
particles, such variation in the index of refraction is
determined by the orientation distribution.

Power-law model

A simple attempt to describe the local An may be
approached by analyzing the rheograms of Fig. 1.
There a power-law dependence of the stress as a func-
tion of shear rate may be observed with high shear
rates. Thus, we may consider the rheology of the
material to follow a power-law constitutive model

T= K;'/k. 2

When we additionally assume laminar flow, the local
shear stress follows from Stokes’ solution for the
Hagen-Poisseuille flow, which reads

r 4p

T(")=§E, 3)

A
where ﬁ is the pressure gradient in the pipe and r is

the radial distance from the center of the capillary.
Demanding Eq. (2) to hold at all radial coordinates in
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Eq. (3) allows solving for the local shear rate, which
becomes

7)) = Art, )

where A is a constant dependent on the flow rate.
Notice that Eq. (4) holds only in the high-shear-rate
regime.

Next, we advance a step by further hypothesising
that the birefringence of the material has a power-law
dependence on the local shear rate, that is, the varia-
tion of the index of refraction follows

An(r) = C,y(r)". (®)]

here C,, and m are constants dependent on the CNC
concentration. These constants encapsulate the rota-
tional diffusivity and the particle orientation suscep-
tibility to shear. Now this completes the model and
allows to compute the retardation images using ray
tracing. Naturally this model has the limitation that
An diverges at infinite shear rate, while in reality this
function must be bounded at both ends.

Orientation model

By fitting the power-law model to the experimentally
obtained retardation plots we can recover a function
for the radial dependence of the index of refraction
An. Then we can attempt to match this function using
a more evolved orientation model. For the purpose,
we implemented a Fokker-Planck equation based
orientation model in a capillary flow scenario. Such
models are still under heavy development, and there
remain limitations in their capabilities to predict the
correct rheological behavior of such suspensions hav-
ing different fiber-fiber interactions (Butler and Snook
2018). The model applied here is based on a previous
work by Ma et al. (2008) and since we are not further
developing the model, for the purposes of the present
manuscript we review only its essential parts. The
model evolves an orientation distribution having the
time development

WP _ 0 (P _ 0 (P

where ¢ is the time, ¥ is the orientation distribution, p
is the unit vector aligned in the particle axis direction,

D, is the rotary diffusion, and ‘Z—’: is modelled using
Jeffery’s equation at large aspect ratios
2—¢=Vv-p—(pT-D‘p)p, @)
where D is the rate of deformation tensor. At this
point it is worth mentioning, that the model assumes
relatively weak interactions between the particles.
The parameter D, encapsulates the effects of inter-
fiber interactions and Brownian diffusion on the rota-
tion. In this work it is treated as a fitting parameter
adjusted based on the rheological data. A more fun-
damental discussion on rotational diffusion in fiber
suspensions is summarized by Petrie (1999). The ori-
entation distribution is first initialized to a homogene-
ous one, where all the angles have equal probability,
and then evolved directly using the backwards differ-
entiation formulas (BDF) method of the SUNDIALS
library (Hindmarsh et al. 2005) avoiding the closure
approximation required by the alternative tensorial
solution.

From the particle orientation distribution ¥, we
compute the second and fourth-order orientation ten-
sors A, and A,, which, as suggested by Advani and
Tucker III (1987), relate to many material properties,
such as viscosity, thermal conductivity, and elasticity
by the means of orientation averaging. The compo-
nents of the orientation tensors are computed (follow-
ing the notation by Advani and Tucker III (1987))

Ay = 75 pi0 ¥ (P)dp ®
and
Aju = j{/’i/’j/’kl’lgl(l’)dp, 9)

for A, and A,, respectively, where the integral goes
over all p. These will be later on referred to as (pp),

and (pppp)
Specifically, the A, connects the orientation dis-

tribution to rheology by a constitutive law (Ma et al.
2008; Dinh and Armstrong 1984)

c=—PI+2yD +7 (10)

T =24N,(A, : D). (11)
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here P is the pressure, # the fluid viscosity, 7 the ori-
entation stress, which includes one more independ-
ent fitting parameter N, which relates to the solids
concentration, particle aspect ratio, and temperature,
among others. Such a model is not exactly perfect,
neglecting many effects such as inter-fiber interac-
tions, yet it is assumed to capture the qualitative
behavior of such systems.

We incorporate the capillary flow geometry by
coupling the orientation model to the appropriate
Stokes equation for the pipe flow, for which the axial
momentum reads

d_p _ l o(ro,,)

12
dz r or 12

where r is the radial coordinate and Z—’Z’ is the pressure
drop along the axial direction. Now replacing o, with
that computed using Eq. (10) and discretizing the
capillary along the radial coordinate allows for a
numerical solution of the evolution of the capillary
flow front in time. The volumetric flow rate is then
controlled by iteratively adjusting the pressure drop.
This assumes the flow profile to be unique at steady
state - i.e. the time-evolution of the flow front does
not significantly alter the shape of the velocity
profile.

Orientation is  typically characterized in
materials by an orientation order parameter
S, = (3(cos?0) — 1)/2 (Frka-Petesic et al. 2015).
Here, () denotes the average over the orientation dis-
tribution function of the crystals. The order param-
eter is zero for an isotropic distribution, S, = +1 cor-
responds to full orientation of the crystals along the
main direction € = 0 (capillary axis in this study), and
S, = —1/2 corresponds to perpendicular orientation
of the crystals with respect to the main direction. In
the simulations the orientation distribution is known,
and this allows one to quantify the particle orientation
directly using the Hermans’ orientation parameter
(HOP) by computing HOP = 3(pp),; /2 — %, where ii
selects the component of the A, (i = 0 for x, i = 1 for
y etc.). This parameter has equal properties to the ori-
entation order parameter S,.

Experimental setup

In the measurement setup, a high-precision motorized
syringe pump drove the flow of the CNC suspension

@ Springer

Fig. 2 The path of light rays traveling in the capillary and the
CNC suspension

through a glass capillary at a selected volumetric flow
rate. (Images of the experimental setup are presented
in the supplementary material.) The inner diameter
of the capillary was 1.6 mm and the length 100 mm.
From the capillary, the flow discharged into a small
container from where it was pulled back into the
syringe for the next discharge flow. OCT scanned the
flow in the capillary over a 2D cross-section perpen-
dicular to the capillary axis at a position close to the
end of the capillary. The 2D scan was done as a series
of one-dimensional scans shown as red lines in the
schematic drawing of Fig. 2. For each 1D scan, the
OCT device deflected the light ray with movable and
turnable galvanic mirrors. The lens used in the OCT
device was of a telecentric type, thus all the light rays
left the device in the same direction. In this study, one
2D scan consisted of 250 1D scans spanning 3.0 mm.
The frequency of 1D scans was 5.5 kHz.

While traveling in the capillary system, each light
ray was refracted at phase interfaces due to changes
in the optical index of refraction, which changed the
speed of light as well. In the 2D images recorded by
the OCT device, each column corresponds to a single
1D scan while each row corresponds to time-of-light
coordinate along the light rays (red lines of Fig. 2).
The index of refraction for the capillary glass and for
the CNC suspension were chosen so that the shape of
the inner capillary wall in the computed image and in
the scanned image best matched (see Fig. 4). Values
used in this study were 1.5 for glass and 1.35 for CNC
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suspension. Due to the complex path of light rays, the
shape of the circular capillary was deformed in the
OCT images. In particular, in the OCT images the
flow channel seems to be close to 2 mm wide.

Results and discussion

We begin this section by reporting and discussing the
experimental PS-OCT retardation data for different
flow rates. Then we will move on to show compari-
sons of the data against the power-law model. Next,
we will report the power-law model parameters, and
discuss their values and implications on the connec-
tion between the shear rate and the particle orienta-
tion. Finally, we present the results given by the ori-
entation model.

Retardation images from PS-OCT

The data measured for the CNC suspensions at dif-
ferent concentrations and flow rates are reported in
Fig. 3. The data shows clear asymmetry in the ver-
tical direction (the direction of the OCT beam). A
few tests were run where the beam was rotated by
45 degrees from the vertical direction, or the whole
measurement setup was rotated 45 degrees around the
capillary axis. In all these tests, the scanned images

remained unchanged. Thus we can be conclude that
neither gravity nor flow field asymmetry is causing
the observed asymmetry in the retardation data. Com-
paring the images row-wise shows that increasing the
flow rate increases the retardation. Specifically, at the
lowest concentration, no retardation is observed indi-
cating that the particles are randomly oriented in the
flow. Increasing the flow rate, the plots begin to show
some modest phase shift, which is an indication of
variation in the refractive index. In the present sys-
tem, this variation may only be due to the particles
orienting along the direction of the flow. Therefore,
the PS-OCT data indicates a rational result: increas-
ing the flow rate leads to better particle alignment.
The retardation in the images grows when the par-
ticle concentration in the suspension increases, i.e.
comparing the images in Fig. 3 column-wise. This
may occur due to a couple of reasons. First of all, at
increased concentrations, the particles are forced to
flow in the same orientation for extended periods of
time due to the inter-particle interactions. Secondly,
since there are more particles in the suspension, the
difference in the refractive index is larger for the two
polarizations even if the orientation distributions at
different concentrations might be the same. However,
from a random orientation distribution no retarda-
tion should be observed indicating that for the higher
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concentrations already at the smallest flow rates cer-
tain degrees of alignment occurs.

Comparison against the power-law model

We computed retardation images from the power-law
model Eq. 5 using the exponents and the pre-factors
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of fitting parameters. We compare the resulting
images against their experimental counterparts in
Fig. 4. For each concentration, fixed values of the
parameters are applied for all flow rates. The modeled
images correspond to their experimental counterparts
remarkably well given the simplicity of the power-
law model.

Next we turn our attention toward the fitted opti-
cal parameters. In Fig. 5 the parameters C, and m are
plotted as a function of the CNC concentration. The
pre-factor C,, which presumably takes into account
the particle concentration, increases monotonically
with the concentration and may be fitted by a quad-
ratic function. The exponent m, describing the An
sensitivity towards shear, decreases linearly between
the concentrations 2.5and4.5 % w/w. This trend is
feasible considering the orientation of particles in a
sheared suspension. Before the CNC particles form
liquid crystal phases, the interaction between the par-
ticles tends to increase the orientation disorder (the
orientation diffusion parameter in orientation models
(Folgar and Tucker IIT 1984)), which nicely corre-
sponds to the behavior of m observed here.

With a fixed orientation distribution of nanocrys-
tals, the absolute birefringence An scales linearly
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with the amount of crystals. Thus, it is convenient to
study normalized birefringence An/® where @ is the
volume fraction of crystals. The normalized birefrin-
gence can be expressed in the form An/® = 6ny X S,,
where 6n, is the specific birefringence of the crystals
suspended in water and S, is the orientation order
parameter described in “Orientation model” section.
We calculated the normalized birefringence from
Eq. (5) with parameter values presented in Fig. 5.
Here we used shear rate 1000 1/s, which is a charac-
teristic maximum value at the capillary wall realized
in our experiments. The volume fraction @ was calcu-
lated by scaling the mass fraction with the crystallite
density 1.5 g/cm®. Calculated values of the normal-
ized birefringence varied from 0.06 to 0.15, which
are of the same order as the specific birefringence
ongy = 0.12 reported by Frka-Petesic et al. (2015) for
fully aligned tunicin cellulose nanocrystals. Thus
we can expect considerable amount of orientation in
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Fig. 6 The modeled and experimental flow curves for different
CNC concentrations. As the plots show, the lowest concentra-
tion is rather well described by the orientation model, while for
the larger concentrations the model performance is rather poor.
The model parameters are Nﬂ = 1550, D, = 0.08, Np =714,
D, =0.12, and N, = 231, D, = 0.19, for 4%, 3%, and 2% mass
fractions, respectively

our study, even though we cannot calculate the exact
value of the order parameter due to unknown value of
the specific birefringence for the CNC grade used in
this study.

Orientation model

Next, we turn our attention to the orientation model
and the way it reflects the experimental findings and
the power-law model. First, we fit a scalar version
of the orientation model against the measured flow
curves of the nanocrystal suspensions. This assumes
a homogeneous simple shear flow field within the
rheometer geometry, characterised by a scalar global
average shear rate. We realize that at this point we
make the assumption that the velocity profile in the
rheometer is homogeneous, which might not be
accurate given the tendency of non-Newtonian flows
to display shear banding and wall slip. In cellulose
based suspensions this typically occurs specifically at
small shear rates. The fits simulated using the orien-
tation model against the measured curves are plotted
in Fig. 6. Specifically at high shear rates, which cor-
respond to the range where the capillary experiments
are performed, the model deviates somewhat from
the experiments—this may be related to the aggrega-
tion of CNC particles, a feature absent in the present
model (Ma et al. 2008).

The change in the refractive index is proportional
to the flow directional component of the A, orienta-
tion tensor. This may be used to compute the retarda-
tion images applying the orientation model data in the
ray tracing already implemented for the power-law
model. The retardation images thus obtained are plot-
ted in Fig. 7. These should be compared against the
ones plotted in the top row of Fig. 4. This comparison
shows that the retardation based on the orientation
model is far less sensitive to the flow rate than that in
the power-law model and the experiment. This defi-
ciency might relate to either the mentioned absence
of the aggregation effects, or shear-induced particle

Flow rate [ml/min]
1 5 10 20 30 40 50 60 70

Fig. 7 The retardation images simulated using the orientation model. Here, the concentration is 2.0 % and the flow rates are 1, 5, 10,

20, 30, 40, 50, 60, and 70 mL/min
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Fig. 8 Velocity profiles for the smallest and largest flow rates
of 1 and 70 mL/min. The profiles are close to the Newtonian
velocity profile and show no signs of shear banding
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Fig.9 Hermans’ orientation parameter as a function of the
flow rate as computed from the orientation model. Largest
changes in the orientation parameter occur at relatively low
flow rates

diffusion, a known property of particle suspensions,
where concentration gradients appear due to dif-
ferences in the local shear rate (Phillips et al. 1992;
Korhonen et al. 2015). Such concentration gradients
are not possible to implement in the present formula-
tion of the model, which does not explicitly consider
particle concentration in the equations, but rather
hides the effect of these in the parameters N, and D,.
The simulated velocity profiles scaled by the
maximum velocity at the center and the tube radius
are plotted in Fig. 8. Such a scaling reveals that the
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profiles are close to the Newtonian parabolic one.
This occurs due to the fact that the flow rates are
relatively large making the viscosity of the 2 % sus-
pension rather low and therefore the differences in
the local viscosity small. Only minor flattening of
the profile compared to the Newtonian one may be
observed while almost no differences in the shapes
between the different flow rates can be observed.

Now the question of how the tube flow influ-
ences the overall orientation of the particles remains.
Computing the Hermans’ orientation parameter and
weighting that based on the mass fraction of the flow-
ing suspension allows for computing the “mean”
orientation of the particles over the whole capil-
lary. These are plotted in Fig. 9. This shows that ini-
tially, the orientation parameter increases quickly
with increasing flow rate, but plateaus rather early
on, as was observed also in the computed retarda-
tion images. This suggests that indeed the retardation
images and the overall orientation are descriptors of
the same property.

Conclusions

In this article we have discussed polarization-sensi-
tive optical coherence tomography (PS-OCT) as a
light-weight online measurement tool, which can be
used to observe the orientation of elongated particles,
such as cellulose nanocrystals, during processing.
An advantage of OCT is the possibility to get local
information, which is useful when developing non-
trivial flow geometries e.g. for 3D printing and flow
focusing.

Being able to assess the orientation on the fly is the
first step that will enable the development of adjust-
able flow geometries that allow faster adaptation of
new fiber based material combinations and recipes
to such manufacturing techniques. We envision for
instance a universal 3D printing device allowing a
wide range of different fiber materials to be incorpo-
rated on fly.

In addition, we have shown how to interpret the
retardation images obtained from the measurement
and how they may be connected to the particle align-
ment during flow. This interpretation is further rein-
forced by our simulations, which show that indeed the
flow rheology may be described relatively well by an
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orientation model. In addition, such a model could be
used to compute the retardation images in qualitative
agreement with the experimental data.

There are several interesting options for future
work. For 3D printing of CNC-reinforced structures,
it is often important to maximize the CNC orienta-
tion in the nozzle and minimize their disorientation
in the outflow (Gauss et al. 2021). In the future PS-
OCT could give new possibilities for optimizing the
outflow conditions to maximize the orientation. Cel-
lulose nanofibrils (CNFs) are a potential raw mate-
rial for strong filaments (Lundahl et al. 2017). One
open question here is why a very long capillary may
be needed to maximize the strength of the filaments
(Mohammadi et al. 2017). As the oriented structures
of CNFs exhibit birefringence (Rosén et al. 2020;
Lasseuguette et al. 2008), PS-OCT could be used for
the analysis of the development of CNF orientation
during processing.
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