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In order to utilize the high strength (ultimate tensile strength = 3 GPa) [Saito et al. 2012 Biomacromolecules 14, 248] and stiffness
(Young’s Modulus = 130 GPa) [Sakurada et al. 1962 J. Polym. Sci. 57, 651] of cellulose nanofibrils in a macroscopic material or
composite, the structure of the elongated fibrils in the material must be controlled. Here, cellulose nanofibrils in a dispersed state
are partly aligned in a flow focusing device, whereafter the anisotropic nano-structure is locked by a dispersion-gel transition.
The alignment process has been studied by Håkansson et al. 2014 [Nat. Commun. 5, 4018], however, the location of the phase
transition as well as at which alignment (anisotropy) the fibrils were locked was not investigated. In this study, the degree of
alignment is determined with small angle X-ray scattering experiments and the location of the phase change is measured with
polarized light experiments. Furthermore, the anisotropy of the hydrogel thread is determined and the thread is seen to still be
anisotropic after six months in a water bath.

1 Introduction

Nano-scale building blocks have become more and more im-
portant in today’s material manufacturing. In order to uti-
lize the full potential of the the nano-scale building blocks
in for example composites, the structure on the nano-scale
must also be considered1. Hence, processes are needed in
order to create well defined nano-structures as well as non-
expensive online characterization methods. In this work, the
alignment of dispersed cellulose nanofibrils (CNF) in an ex-
tensional flow is studied in a flow focusing channel. After the
alignment, an ion-diffusion based phase transition is induced
and a hydrogel thread (with an anisotropic orientation distribu-
tion of the fibrils) is formed, similar to those obtained by Fall
et al., Hamedi et al., Håkansson et al.. However, in the previ-
ous studies by Hamedi et al., Håkansson et al., the fibrils were
only roughly aligned in the direction of the thread. Moreover,
the degree of alignment at the gelation position in the channel
was not measured. A similar approach to produce silk from
silk protein was reported by Kinahan et al., where the proper-
ties of the man-made silk were rather far from those of native
silk and it was unclear if the extensional flow in the chan-
nel aligned the proteins at all. Here, synchrotron Small An-
gle X-ray Scattering (SAXS) is used to characterize the fibril
alignment in the channel without the phase transition. There-
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after, the non-expensive polarized optical microscopy (POM)
is utilized to determine the location of the phase transition
and the anisotropy (of the nano-structure) within the hydro-
gel. With this method, the degree of alignment for different
configurations can be measured without having the expensive
synchrotron facility at hand more than once. When well de-
fined hydrogel threads with different and known anisotropy
are created, the material properties can be characterized and
later designed for a specific application. The anisotropic cel-
lulose nanofibril hydrogels could be used, for example, as tem-
plates6,7 or be dried to create high performance filaments3,4.

The nano-scale building block of a wood fibre is the CNF,
which in turn consist of a bundle of cellulose polymer chains.
The mechanical properties of the wood fibre are highly de-
pendent on the orientation/alignment of the nanofibrils in the
fibre8–11. When all fibrils are perfectly aligned in the direc-
tion of the fibre, the fibre is as strong as glass fibre12 and as
stiff as Kevlar13. So far, only nature itself has been able to
achieve this highly aligned structure. Even though cellulose
has always been of large interest due to its abundance, cel-
lulose nanofibrils (CNF) and materials thereof have recently
been given a lot of attention2,7,14–17, partly due to the a new
process which significantly decreases the energy consumption
during liberation of fibrils from fibres18.

Fall et al. studied the dispersion-gel transition of a water
based fibril dispersion and found that surface charged fibrils
underwent a transition from dispersion to gel at low pH and/or
high NaCl concentrations. This insight made it possible to
produce aligned macro scale filaments in a flow focusing de-
vice4, where the properties of a tree fibre was reproduced at
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Fig. 1 A schematic of the sandwich structure of the flow focusing device is displayed in (a). A drawing of the double flow focusing channel
and illustration of the two different analysis methods are shown in (b). The coordinate system for the fibrils is defined in (c).
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(b)

(c)
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the same fibril alignment for the first time. However, the min-
imum mean angle of the fibrils produced was only 35◦ from
the filament axis, and an increase in anisotropy (decrease in
mean angle) would potentially result in as stiff and strong fil-
aments as nature can produce8,9. The complete process uses
a dispersion of CNF which is subjected to an extensional flow
inside the flow device20,21, where fibrils were shown to align
in the flow direction4,22. However, the problem is that when
the extensional flow stops, rotary Brownian diffusion takes
over and forces the aligned fibrils back towards isotropy. In
order to prevent the de-alignment, Na+-ions were allowed to
diffuse into the core dispersion23, inducing a transition to gel
which was hypothesized by Håkansson et al. to lock the align-
ment. The hydrogel threads ejected from the flow device were
dried and the nano-structure of the fibrils were shown to be
anisotropic, i.e. the mean orientation of the fibrils were not
random. Furthermore, the anisotropy could be controlled by
small adjustments to the flow and diffusion parameters. The
production of the anisotropic hydrogel is therefore crucially

dependent on where the locking is achieved, since the Brow-
nian rotary diffusion forces the fibrils back towards isotropy.
Hence, in order to increase the alignment in the channel and
thus also in the hydrogel, by locking the alignment at an opti-
mal location, in situ orientation measurements are needed.

The flow focusing channel used in order to create the ex-
tensional flow consist of three inlets and one outlet, where the
core flow is focused by two perpendicularly incoming sheath
flows20. The extensional (elongational) flow is crucial for the
orientation and forces elongated particles to align in the flow
direction24,25. Several publications report on the production of
filaments with different shapes26–28, in a flow focusing device
whereas others focused on the alignment and assembly4,22,29,
of elongated particles in such devices. Here, a protocol for
measuring the absolute alignment and the location of the lock-
ing of the alignment online in the flow focusing channel will
be presented.

Three experiments in a double flow focusing setup (de-
picted in Fig. 1) with and without a dispersion gel transition
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Table 1 Table of experiments and cases.

Experiment Parameter Core First Second Gelation Experimental
number case material sheath sheath setup
i Reference CNF pH 7 pH 7 - SAXS
ii Reference CNF pH 7 pH 7 - POM
iii Process CNF pH 7 pH 2 x POM

are presented, see Tab. 1. The first experiment (i) is a SAXS
experiment, where the absolute orientation along the centre-
line is measured. Due to clogging in the channel and lim-
ited optical access in the experimental hutch, the SAXS mea-
surement could only be performed without the gelation (pH 7
in both sheath flows). The second (ii) and third (iii) experi-
ments are non-expensive polarized optical microscopy (POM)
measurements, where the flow parameters of (ii) are the same
as (i). Experiment no. (iii) represents the hydrogel manufac-
turing case, where the second sheath flow is a pH 2 solution
which diffuses into the CNF dispersion and induces the gela-
tion. The POM measurements, (ii) and (iii), will with the cur-
rent setup only give a relative orientation measure along the
channel. However, by combining the three experiments, the
location of gelation as well as the orientation of the fibrils at
this location, can be determined.

Finally, a hydrogel thread is produced and stored in wa-
ter (pH 7) at room temperature for six months. After that
time the thread still shows a birefringence indicating that the
anisotropy is still present.

2 Methods

2.1 Materials

Cellulose nanofibrils (CNF) were liberated from bleached
softwood fibres from Domsjö dissolving, Domsjö Mill, Aditya
Birla, Sweden, in the same manner as described by Fall
et al.. A surface charge on the fibrils was introduced in a car-
boxymethylation process30 prior to liberation. Furthermore,
unfibrillated fibres and fibre fragments were removed during a
centrifugation at 4750 rcf for 2h. The resulting transparent dis-
persion, having the concentration 1 g/L, was concentrated to
the semi-dilute concentration of 3 g/L through evaporation at
room conditions. MilliQ-water was used as the passive sheath
solution with pH 7 while the pH was adjusted to 2 by adding
HCl for the active second sheath solution.

2.2 Flow channel

The flow focusing device was built up of a sandwich structure
having five layers, as is depicted in Fig. 1a. The first layer was
an aluminum plate with a slit to make the channel visible and

20 threaded holes for screwing the device together. The sec-
ond and fourth layers where 125 µm thick Kapton films in the
SAXS experiments and 2 mm thick poly(methyl methacrylate)
PMMA plates during the POM measurements. The third layer
was a 1 mm thick stainless steel plate, in which the square
channel with side h = 1 mm was cut out of. Lastly, the fifth
layer was again an aluminum plate in order to keep the device
rigid and non-leaking. Hoses were connected to the fifth layer
and holes through the fourth layer connected the hoses to the
channel in the stainless steal plate.

The channel in the steel plate seen in Fig. 1b, consisted of
five inlets and one outlet, where the outlet was either con-
nected to a hose (SAXS) or submerged in a water bath (POM)
during the experiments. The inlets and the outlet were all more
than 30 mm long in order to have fully developed flow in these
regions. The distance between the two sheath channels was 4
mm.

Three syringe pumps (Aladdin 4000, WPI) was used to
transfer the CNF-dispersion as well as the pH 7 and pH 2 so-
lutions to the channel. The mass flow rates were: Qcore = 1.1
mm3/s, Qs1 = 2.6 mm3/s and Qs2 = 13 mm3/s for all there
experiments.

2.3 SAXS setup and orientation quantification

Small Angle X-ray Scattering (SAXS) was performed at the
storage ring PETRA III at DESY in Hamburg, Germany. The
P03 beamline31,32 was used in a transmission setup with a
sample to detector distance 8422 mm and X-ray wavelength
λ = 0.957 Å. The beam size was 26×17 µm2 (Horiz.×Vert.)
and a single-photon counting detector (Pilatus 1M, Dectris)
having the pixel size of 172×172 µm2 was used to record the
scattering diffractograms. One such scattering diffractogram
is shown in Fig. 2a, where the intensity is shown in a log-
arithmic scale and the scattering vector, q = 4π sin(ζ/2)/λ ,
as well as the azimuthal angle φ are drawn. In order to find
the orientation distribution, the diffractogram is transformed
to show φ versus q, displayed in Fig. 2b, where the intensity
is normalized at each q-value with the highest intensity. In
Fig. 2c, the normalized intensity distributions are shown for
0.2 < q < 0.6 (black lines in Fig. 2b), together with the mean
(red line). This intensity distribution corresponds to the orien-
tation distribution, Ψ(φ), of the fibrils at this location in the
channel.
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Fig. 2 A SAXS diffractogram is shown in (a) with a logarithmic color scale, where also q and φ are defined. In (b), the diffractorgram in (a)
has been transformed to have q and φ as Cartesian coordinates. Each q column has also been normalized with its maximum value, and the
color scale here is linear. The graph in (c) shows all normalized intensity distributions from (b) between 0.2 < q < 0.6 (two black lines in (b))
The red line corresponds to the mean distribution.

(a) (b) (c)

In order to reduce the orientation distribution to a single
number, the order parameter, S, defined by van Gurp as the
mean of the second order Legendre polynomial, P2, is used:

S = 〈P2(cosφ)〉=
〈

3
2

cos2
φ − 1

2

〉
. (1)

This order parameter is a measure of the alignment of elon-
gated particles, here in the z-direction, where S = 1 if all parti-
cles are aligned in the z-direction and S = 0 if the distribution
is random. The measure can be related to the birefringence
of the sample as described below, but when the distribution is
known, S is calculated as:

SSAXS =
∫

π

0
Ψ(φ)

(
3
2

cos2
φ − 1

2

)
sinφ dφ , (2)

and normalised according to:
∫

π

0
Ψ(φ)sinφ dφ = 1. (3)

2.4 The Smoluchowski equation

Since SAXS experiments are expensive and time consuming,
a model to describe the evolution of the orientation distribu-
tion of the fibrils, Ψ(r,p, t), is wanted. After the extensional
flows in the channel, only the Brownian rotary diffusion acts
on the fibrils4 and the orientation distribution can be modeled
by the Smoluchowski equation (Eq. 4), which is a diffusive-
convective equation. The orientation distribution is dependent
on position, r, orientation, p, and time, t, and the equation
reads:

DΨ

Dt
= ℜD̂r ·ℜΨ. (4)

Here, the rotary diffusion coefficient is denoted D̂r(p,r) and
ℜ is the rotational operator:

ℜ = r× ∂

∂r
. (5)

As a simplified model, the flow was assumed to be axisym-
metric, and the orientation distribution was only considered
along the centreline in the z-direction, see the coordinate sys-
tem shown in Fig. 1c. The Smolushowski equation can then
be simplified to:

w∗
∂Ψ

∂ z∗
=

1
sinφ

∂

∂φ

(
D̂∗r sinφ

∂Ψ

∂φ

)
, (6)

in cylindrical coordinates, where w is the velocity in the z-
direction, φ is defined in Fig. 1c. The star, ∗, denotes that the
quantity has been non-dimensionalised with w and h. From the
tube model proposed by Doi and Edwards, the rotary diffusion
has been adapted to be dependent on the orientation as:

D̂r(p) = Dr

[
4
π

∫
dp′|p×p′|Ψs(p′)

]−2

, (7)

where Dr is a constant. Since both the velocity, w and the
rotary diffusion, Dr, are unknown, one of the parameters can
be set and the other one fitted to the experimental data. The
velocity w was chosen to be 0.033 m/s, which would be the
velocity at the centreline if the flow would be a fully devel-
oped laminar pipe flow, 2wmean = 2(Qcore + Qs1 + Qs2)/h2,
see Tritton. The other unknown parameter, Dr, is tuned to fit
the experiments, and the three cases shown in Fig. 3 and Fig.
5 correspond to Dr = 0.090,0.119,0.150. Note that these ex-
act numbers are not important and it is only the shape of the
decaying orientation curve that will be used. The initial orien-
tation distribution is taken from the SAXS experiments and the
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equation is solved with periodic boundary conditions for the
orientation distribution. The equation is solved numerically in
MATLAB with the central differences method.

2.5 Birefringence and POM

The principle behind the polarized optical microscopy (POM)
is to place a sample between two linear polarization filters.
This setup makes it possible to quantify the birefringence of
the sample. The light intensity, I, reaching a detector after the
second filter can be expressed as:

I(∆γ) = I0 cos2(∆γ + γ0), (8)

where, I0 is the incoming intensity, ∆γ is the angle the po-
larization has been rotated by the sample and γ0 is the angle
between the two polarization filters36. Here, the filters are
crossed and γ0 = 90◦. The angle the polarization is rotated,
∆γ , is

∆γ =
2πd

λ
∆n, (9)

where d is the distance that the light travels in the sample, λ

is the wavelength of the incoming light, and ∆n is the differ-
ence between the two refractive indices in the two different
directions in the sample. Combining Eq. 8 and Eq. 9 gives:

∆n =
λ

2πd

(
cos−1

√
I
I0
− γ0

)
≈ λ

2πd

√
I
I0
, (10)

for small I, and ∆γ << 90◦.
The order parameter, S, introduced above can also be deter-

mined with POM as33:

SPOM =
∆n

∆nmax
, (11)

which means that the ratio between the order parameter, S, in
two experiments is proportional to the square root of the inten-
sity ratio of the two cases, provided the depth, d, is constant:

S
Sref

=
∆n

∆nref
≈

√
I

Iref
. (12)

The order parameter from POM and SAXS experiments has
in previous studies been confirmed to correspond to the same
quantity by for example Hongladarom et al..

The polarization filters are placed at an angle of 45◦ in a
plane parallel with the mean flow, see white arrows in Fig. 1b,
in order to maximize the birefringence signal. The full POM
set-up consisted of a light source (Schott, KL2500 LCD), two
polarization filters, a stereo microscope (Nikon, SMZ 1500)
and a camera (Basler, piA1900-32gm) controlled via Labview.
The mean of 900 images was used and a background image
was subtracted before the images were analyzed.
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Fig. 3 Quantified SAXS data (red dots) and rotary diffusion
calculations (blue dashed curves) of the order parameter, S, as
function of downstream position along the centerline of the channel.
The three different blue dashed lines represent
Dr = 0.090,0.119,0.150.

2.6 Scanning Electron Microscopy, SEM

A dry filament was produced and firstly coated with a 10 nm
thick gold-palladium layer by a commercial sputterer (Cress-
ington Scientific Instruments Ltd, UK), whereafter, a Scan-
ning Electron Microscope (S-4800 Field Emission-Scanning
Electron Microscope, Hitachi, Japan) was used to image the
filament surface in the secondary electron imaging mode at an
acceleration voltage of 1kV.

3 Results and Discussion

Fibrils have been shown to align in the flow direction in the do-
main of extensional flow in a flow focusing device4,22. There-
after, the fibrils de-align due to rotary Brownian diffusion. In
this set-up the CNF is subjected to two extensional flows, the
first in order for the CNF dispersion to detach from the walls
in the channel and thereby, as explained below, avoid clogging
of gel, and the second to increase the alignment. The second
sheath fluid also carries ions, that are allowed to diffuse into
the CNF dispersion and trigger a phase transition to gel. The
detachment is illustrated in Fig. 1b, and is necessary for this
process to run continuously. If the CNF is in contact with the
wall when the phase transition occurs, a build up of the gel
will start at this position and would soon clog the apparatus.

The SAXS measurements from experiment (i) are quanti-
fied with the order parameter, S. The results at different down-
stream positions are shown in Fig. 3 with red dots, where the
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Fig. 4 Images of the flow in the channel between two crossed polarization filters are shown in (a) and (b). The second sheath flow is has a pH
of 7 in (a) and pH 2 in (b). In (c) the square root of the intensity ratio between the second and third experiment are shown versus downstream
position in the channel (solid line). This ratio is also the ratio of the order parameter between the two cases. The dashed line highlights the
value 1.
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error bars represent the standard deviation between different
q-values. The alignment (order parameter) measurements con-
firm that the fibrils align due to the extensional flows (z/h < 2)
and when no force from the flow is acting on the fibrils, they
tend to de-align (z/h > 2), due to Brownian motion. In this
experiment, both the first and second sheath flows consist of
deionized water with pH 7 and no gelation occurs. Due to
the first extension (−4 < z/h < −2), the alignment is already
around S= 0.41 as the fibrils enter the second extensional flow
at z/h = 0 where the alignment is modestly increased. The or-
der parameter upstream of the first focusing (z/h <−5) must
be lower than S = 0.19, as was the case in previous experi-
ment4, since the velocity here is lower and hence less shear is
present in this study. The maximum alignment (order parame-
ter) is reached at around z/h = 2, at the end of the extensional
flow. After the extensional flow, Brownian rotary diffusion
alone is forcing the fibrils back towards de-alignment. The
Brownian diffusion is in this paper modeled by the Smolu-
chowski equation34, see Eq. 4, with the initial distribution be-
ing that from the SAXS measurements at z/h = 2. The three
blue dashed lines in Fig. 3 are calculations with different val-
ues of the rotary diffusion coefficient, Dr. The middle line
gives a good estimation of the orientation distribution evolu-
tion along the center of the channel after the two extensional
flows.

In order to determine at which orientation and downstream
position the gelation occurs, two experiments with polarized
light were conducted, (ii) and (iii). Experiment (ii) is the refer-
ence case with no gelation (same as in the SAXS experiments)
and (iii) is the process case with the second sheath flow having
pH 2 resulting in a gel thread. In Fig. 4a and Fig. 4b, images
from the two cases are shown, pH 7 in a and pH 2 in b. At

this downstream position one can clearly see that the intensity
of light is higher in the case of pH 2 (iii), which is the result
of a stronger alignment, remember that higher light intensity
means higher alignment, see Eq. 10 and Eq. 11. Furthermore,
Eq. 12 reveals that the order parameter ratio is proportional to
the square root of the intensity ratio if the depth is constant.
Since the flow is the same in both cases, this is a valid as-
sumption regarding the depth. By scanning the channel (see
Fig. 1b) it is possible to acquire intensities from both cases
and in Fig. 4c,

√
IpH2/IpH7 is plotted. The ratio is expected to

be around 1, until the protons, H+, from the pH 2 solution in
experiment (iii) has had time to diffuse into the core flow. The
ratio,

√
IpH2/IpH7 , is indeed around one for z/h < 12, where-

after the ratio is increasing. Thus, the location of the gelation
can be determined to be around z/h ≈ 12, where the curve
detaches from 1. The increased noise in the signal, down-
stream in the channel, is due to the fact that when the order
decreases the light intensity of the pH 7 case, (ii), approaches
zero. Since this is only a relative measure, it is not possible to
deduce the absolute orientation from this data alone. However,
by combining these results with the SAXS-results, an absolute
measure of the gel thread order is possible to determine.

In Fig. 5, the red dots are again the SAXS results and the
blue dashed line is the diffusion calculation as before (Fig. 3).
The black line is the POM ratio displayed in Fig. 4b with as-
sumption that the pH 7 case behaves as the diffusion calcula-
tion (blue dashed horizontal line), which in turn was matched
to the SAXS measurements in Fig. 3. At the position z/h≈ 12
the black line is seen to assume the constant value of ≈ 0.36
(brown dashed line), indicating that the rotary diffusion no
longer is active and that the structure is in fact completely
locked by the gelation.
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0.5 mm 0.5 mm 0.5 mm

Fig. 6 The black arrow in (a) points at a hydrogel thread in water, which is placed between two polarization filters (orientation indicated by
white arrows). The polarization filters are almost crossed in (a) and crossed in (b) and (c). The black dots in (a) are dirt on the lens and the
bright spot seen in all three images is dust in the water bath.
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Fig. 5 Quantified SAXS data (red dots), diffusion calculations (blue
dashed line) and POM data (black line). The diffusion calculations
are assumed to be the true de-alignment of the reference case and
the POM gelation measurement (black line) are then seen to assume
a constant value (≈ 0.36, dashed brown line), downstream in the
channel.

In the ideal structuring process, the extension should align
all fibrils in the flow direction bringing the order parameter
to 1, whereafter the fibrils would only be subjected to Brow-
nian diffusion. If that was the case, by controlling the pH
of the second sheath flow and also the flow rate it should be
possible to control the gelation location and then also the or-
der parameter, S, of the gel thread. By for example having a
lower pH, the diffusion time of the necessary ions to reach the
dispersion would decrease and the resulting gel thread would
have a higher anisotropy. In the case presented here, even at

an extension of 15 times ((Qcore +Qs1 +Qs2)/Qcore = 15.2),
the maximum order is not more than S = 0.45, which indi-
cates difficulties to make a hydrogel with a higher order (more
anisotropic nano-structure). However, it should be possible to
lock the order at any location in the channel and thus also any
order below the maximum of S = 0.45. In order to lock the
orientation at the highest order, one could decrease the pH in
the second sheath flow as discussed above, which would de-
crease the time until enough ions have been diffused into the
thread and then move the location of the gelation upstream.
It is then also important to note that the location of gelation
should not occur before the extensional flow is completed, as
this would not allow for the fibrils to align.

In addition to the experiment in the channel, a CNF hydro-
gel thread was produced in the flow focusing device and stored
in a water bath for six months. The thread was then placed be-
tween two polarization filters and photographed, the images
are displayed in Fig. 6. The black arrow in Fig. 6a points at
the thread and the white arrows shows the orientation of the
polarization filters. The full thread is seen in Fig. 6a, where
the polarization filters are not completely crossed, however,
when the filters are crossed, the background is black and it is
only where a birefringent material is present that light is able
to arrive to the CCD-sensor in the camera, as in Fig. 6b and
6c. In Fig. 6b the orientation of the first filter is matched with
the orientation of the thread in the lower right corner. Since
the fibrils are aligned in the direction of the thread, the optical
axis of the thread is aligned with one of the polarization filters
and the polarization of the light is unaffected by the thread,
the thread is not visible. However, in the upper left corner of
the image in Fig. 6b, the thread is not aligned with the filters,
and the anisotropy of the thread gives rise to a rotation of the
polarization, which is seen as light in the image. In Fig. 6c,
the first polarization filter is aligned with the thread in the up-
per left corner, and now, the thread lights up in the lower right
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5 μm 

1 μm

500 nm

Fig. 7 Scanning electron microscopy images of a dried thread at
three different magnifications are shown in (a)-(c). Ridges on the
micrometer scale are clearly visible in all three images and
individual fibrils can be seen in (c).

(a)

(b) (c)

corner. This is an evidence of the birefringence, and shows
that the optical axis is in the direction of the thread36. Even
after the thread has been stored in a wet state for six months,
it shows a birefringent behavior and, hence, the thread is still
anisotropic.

The hydrogel thread was furthermore dried and Scanning
Electron Microscopy (SEM) images of a dry thread (filament)
at different magnification are displayed in Figs. 7a - 7c. The
thread was not allowed to shrink in the direction of the thread
during drying and a collapse of the hydrogel structure was ob-
served in the radial direction, as the thickness significantly de-
creased. The dry thread is straight and the surface features,
which include ridges and valleys, are similar to the features
seen on other filaments recently produced from CNF4,15,16.
A network of individual fibrils is visible at the highest mag-
nification in Fig. 7c, however, the alignment of the fibrils is
difficult to quantify by SEM images of the filament surface,
and a succeeding study on the effect of drying, on the align-
ment of the fibrils, would be highly relevant for future filament
production.

4 Conclusions

In conclusion, the filament manufacturing technique proposed
by Håkansson et al., was used to create hydrogels with de-
tectable anisotropy (internal nano-structure of the fibrils). The
combination of SAXS and POM measurements made it pos-
sible to determine the location and at which order parameter,

S, the transition from dispersion to gel occurred. It was seen
that the anisotropy was locked in the channel, and also that
an alignment of the CNF was still present after storing the
hydrogel for six months in a wet state. This characterization
technique makes it possible to optimize the process4 which
aims at continuously producing a nano-structured bio-based
filament as stiff and strong as nature creates wood fibres8,9.
Furthermore, the technique to determine the anisotropy and
anisotropy evolution described here should also be useful to
other non-spherical particles exposed to similar flow focusing
setups, such as polymers38, DNA22, silk proteins5 and col-
lagen39 as long as a birefringence signal can be detected, in
order to understand and later control the nano-structure dur-
ing assembly.
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39 S. Köster, H. M. Evans, J. Y. Wong and T. Pfohl, Biomacromolecules,

2008, 9, 199–207.

1–9 | 9

Page 9 of 10 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Page 10 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


