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Abstract
Non-spherical particles are present all around us, in biological, industrial and

environmental processes. Making predictions of their impact on us and systems in our
vicinity can make life better for everyone here on earth. For example, the ash particles
from a volcano eruption are non-spherical and their spreading in the atmosphere can
hugely impact the air traffic, as was also proven in 2010. Furthermore, the orientation
of the wood fibres in a paper sheet influences the final properties of the paper, and
the cause of a specific fibre orientation can be traced back to the fluid flows during
the manufacturing process of the paper.

In this thesis, experimental and numerical work is presented with the goal to
understand and utilize the behavior of elongated particles in fluid flows. Two different
experimental setups are used. The first one, a turbulent half channel flow, aims
at increasing the understanding of how particles with non-zero inertia behave in
turbulence. The second setup is an attempt to design a flow field with the purpose
to align nanofibrils and create high performance cellulose filaments.

Experiments were performed in a turbulent half channel flow at different flow set-
tings with dilute suspensions of cellulose acetate fibres having three different aspect
ratios (length to width ratio). The two main results were firstly that the fibres agglom-
erated in streamwise streaks, believed to be due to the turbulent velocity structures
in the flow. Secondly, the orientation of the fibres was observed to be determined by
the aspect ratio and the mean shear, not the turbulence. Short fibres were oriented
in the spanwise direction while long fibres were oriented in the streamwise direction.

In order to utilize the impressive properties (stiffness comparable to Kevlar) of
the cellulose nanofibril in a macroscopic material, the alignment of the fibrils must be
controlled. Here, a flow focusing device (resulting in an extensional flow), designed
to align the fibrils, is used to create a cellulose filament with aligned fibrils. The
principle is based on a separation of the alignment and the assembly of the fibrils,
i.e. first align the fibrils and then lock the aligned structure. With this process,
continuous filaments were created, with properties similar to that of the wood fibre
at the same fibril alignment. However, the highest alignment (lowest angle) of the
fibrils in a filament created was only 31◦ from the filament axis, and the next step is to
increase the alignment. This thesis includes modeling of the alignment process with
the Smoluchowski equation and a rotary diffusion. Finding a model that correctly
describes the alignment process should in the end make it possible to create a filament
with fully aligned fibrils.

Descriptors: Orientation, fibre, fibril, turbulent channel flow, particle streaks, flow

focusing, cellulose nanofibrils, extensional flow, Smoluchowski, rotary diffusion
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Sammanfattning
Runt omkring oss finns icke-sfäriska partiklar överallt, bland annat i biologiska,

industriella och andra miljörelaterade processer. Modeller som kan förutsäga hur
dessa partiklar beter sig i olika system kan göra livet lättare att leva för m̊anga
här p̊a jorden. Partiklarna som en vulkan sprutar upp i atmosfären är till exempel
icke-sfäriska, och hur dessa sprider sig är väldigt viktigt för flygplanstrafiken, vilket
vi fick erfara 2010. Dessutom p̊averkar orientering av träfibrerna i ett pappersark
egenskaperna hos detsamma, och en specifik orientering kan sp̊aras tillbaka till de
flödesförh̊allanden som fanns under papperstillverkningsprocessen.

I den här avhandlingen kommer b̊ade experimentella och numeriska resultat att
presenteras med målet att först̊a och även utnyttja hur avl̊anga partiklar uppför sig i
utvalda flöden. Tv̊a olika experimentella uppställningar har använts, den första var en
turbulent halv kanal där m̊alet var att försöka först̊a hur partiklar med tröghet beter
sig i turbulens. Den andra uppställningen hade som syfte att linjera upp nanofibriller
och framställa ett högpresterande cellulosafilament.

Experimenten i den halva kanalen var utförda vid olika flödesinställningar och
med tre olika cellulosafibrer med olika slankhet (längd- till bredd-förh̊allande). De
tv̊a huvudresultaten var för det första att fibrerna samlas i fiberstr̊ak i strömnings-
riktningen, vilket tros vara orsakat av de hastighetsstr̊ak som finns nära en vägg i
ett turbulent skjuvflöde. Det andra huvudresultatet var att fibrernas slankhet till-
sammans med medelskjuvningen var avgörande för vilket h̊all fibrerna var upplin-
jerade åt. Korta fibrer l̊ag kors strömningsriktningen medan de l̊anga fibrerna l̊ag i
strömningsriktningen.

För att utnyttja de imponerande egenskaper (styvhet av samma storlek som
Kevlar) som cellulosa-nanofibriller uppvisar i ett makroskopiskt material måste orien-
teringen/upplinjeringen av fibrillerna kunna styras. Här används en flödesfokuserings-
kanal (vilken skapar ett töjflöde), designad för att linjera upp fibriller för att tillverka
cellulosafilament best̊aende av upplinjerade fibriller. Principen bakom den föreslagna
processen är att separera de olika process-stegen genom att först linjera upp fib-
rillerna för att sedan l̊asa denna struktur. Det var med denna process möjligt att
tillverka filament med samma mekaniska egenskaper som hos en träfiber med samma
upplinjering hos fibrillerna. Dessvärre var den högsta upplinjeringen (lägsta vinkeln)
bara 31◦ fr̊an filamentaxeln och nästa steg borde vara att försöka minska denna
vinkel. Med hjälp av en rotationsdiffusionsmodell och lösandet av Smoluchowskis
ekvation, som ocks̊a gjorts i denna avhandling, kan ytterligare kunskap inhämtas
varefter det förhoppningsvis kan bli möjligt att tillverka ett filament med helt upplin-
jerade nanofibriller.

Nyckelord: Orientering, fiber, fibril, turbulent kanalflöde, partikelstr̊ak, flödes-

fokusering, cellulosa-nanofibriller, töjflöde, Smoluchowski, rotationsdiffusion
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Preface

This doctoral thesis in engineering mechanics is focused on experimentally de-
termining the orientation of elongated particles in flows. Two different flows
are considered, one laminar and one turbulent. In each flow case, different par-
ticles are used, cellulose fibres in the turbulent case and cellulose nanofibrils
in the laminar case. The thesis is divided into two parts, with the first part
being an overview of the work and summarizes the main results. The second
part consists of six papers, in which the layout of the published papers have
been adjusted to comply with the format of this thesis. In chapter 7 of Part
I, the authors’ contributions to each paper are stated. Part II consists of the
following papers:

Paper 1. H̊akansson, K. M. O., Kvick, M., Lundell, F., Prahl Wittberg, L. &
Söderberg, L. D. 2013 Measurement of width and intensity of particle streaks
in turbulent flows. Published in Exp. Fluids 54 (6), 1-13

Paper 2. Kvick, M., H̊akansson, K. M. O., Lundell, F., Prahl Wittberg, L.
& Söderberg, L. D. 2014 Fibre orientation and fibre streaks in turbulent wall
bounded flow. To be submitted

Paper 3. H̊akansson, K. M. O., Fall, A. B., Lundell, F., Yu, S., Krywka,
C., Roth, S. V., Santoro, G., Kvick, M., Prahl Wittberg, L., Wågberg, L. &
Söderberg, L. D. 2014 Hydrodynamic alignment and assembly of nanofibrils
resulting in strong cellulose filaments. Published in Nat. Commun. 5, 4018

Paper 4. H̊akansson, K. M. O., Lundell, F., Prahl Wittberg, L. & Söderberg,
L. D. 2014 Alignment of cellulose nanofibrils in a flow focusing device: mea-
surements and calculations of flow and orientation. To be submitted

Paper 5. H̊akansson, K. M. O., Lundell, F., Fall, A. B., Prahl Wittberg, L.,
Wågberg, L. & Söderberg, L. D. 2014 Continuous assembly of fibrils into a
micro filament. To be submitted

Paper 6. H̊akansson, K. M. O. Online determination of anisotropy during
cellulose nanofibril assembly. To be submitted

August 2014, Stockholm

Karl M. O. H̊akansson
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Wittberg, L. 2010 Streak Formation and Fibre Orientation in Near Wall
Turbulent Fibre Suspension Flow. ERCOFTAC Bulletin 84

Carlsson, A., Håkansson, K., Kvick, M., Lundell, F. & Söderberg,
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Part I

Overview & summary





CHAPTER 1

Introduction

As more and more of the human population gets access to the internet and
are choosing to read the news online instead of buying a printed copy of the
daily newspaper, the demand for newsprint (paper) and hence wood pulp is
decreasing. As Sweden is the third largest exporter in the world of paper, pulp
and wood-based products, see e.g. Skogsindustrierna (2013), this poses a ma-
jor economical threat to Swedish society. A recent quote from Skogsstyrelsen
(2014) (Swedish Forest Agency) quantifies the severity from a Swedish perspec-
tive, where the ”period” refers to the first quarter of 2013 compared with the
first quarter of 2014:

“Production of newsprint continues to decrease and fell by 26.9
percent during this period.”
Swedish Forest Agency, May 15, 2014

To address the decreasing demand for paper and pulp one could try to
make people buy more newspapers. Another option is to do something more
innovative, such as finding other uses for wood fibre based products. In this
thesis, the focus will be on the latter and more specifically, on a new method
that could enable industrial manufacturing of high performance filaments from
cellulose.

Filaments are of interest in many different areas ranging from manufac-
turing textiles (such as cotton, nylon and viscose), glass fibres (in boats or
wind turbines) to Kevlar and Spectra materials (for bulletproof vests and high
performance sails). However, many of these products/materials are coupled
to environmental problems. As an example, the cultivation of cotton is very
demanding of water and area. The Aral sea is a good illustration of how the
cotton industry has changed our environment. In the late 1950’s, the rivers
that fed the Aral sea were redirected to irrigate cotton and crop fields. This
caused the Aral sea, which was once the 4th largest lake in the world, to shrink
to only 10 % of its original size in 50 years. Furthermore, glass fibres are not
recyclable and consequently, old boats and wind turbine blades are all put in
landfills. As a final example, viscose manufactured from dissolved pulp (cellu-
lose) uses toxic chemicals. Thus, using wood fibres as raw material to make
renewable and recyclable filaments would be a huge benefit for the environment.

1
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Figure 1.1. Wood structure at different length scales.
(a) Pine trees in the Swedish forest. (b) Cross section of a
pine tree. (c) Schematic of a cellulose fibre. (d) Schematic of
the cross section of a fibre extracted from a tree. (e) Atomic
force microscopy image of cellulose nanofibrils extracted from a
wood fibre. (f) Schematic of the cross section of one nanofibril.
(g) Chemical structure of the cellulose chain. The images in
a and b are courtesy of Dr. E. V. Arkema and the image in e
is courtesy of Dr. A. Fall and Dr. G. Nyström.

1.1. The structure of the tree

Mankind has used trees as a material for a very long time. Tens of thousands of
years ago wood was used as fuel and construction material, but already 2,000
years ago, wood fibres were used to manufacture paper in China.

In order to envisage the potential of wood and wood fibres, it is important
to first understand the structure and constituents of trees. The hierarchical
structure of a tree is illustrated in Fig. 1.1, and it ranges from the tree itself
(m length), through the wood fibre (mm), fibrils (µm) to the polymer chains
and monomer structures (nm). Even when using the tree for timber, wood
fibres give the properties of boards and planks. The fibres consist of cellulose,
hemicelluloses and lignin whereof cellulose is the component providing strength
and stiffness, Eichhorn et al. (2010); Moon et al. (2011). The wood fibre is built
from very strong and stiff cellulose nanofibrils (CNF) constructed from tightly
packed bundles of cellulose polymer chains, i.e. partly crystalline cellulose.
These fibrils are ordered in a helical structure and there are tens of millions of
fibrils in a single wood fibre.

As discovered by the Chinese, it is possible to mechanically or chemically
extract individual wood fibres from trees and use these to make paper. As for
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Figure 1.2. Atomic force microscopy image of cellu-
lose nanofibrils. Cellulose nanofibrils dried on a surface from
a dispersion, where the fibrils are seen to be straight with a
few kinks. Many different lengths are observed in the image
courtesy of Dr. A. Fall and Dr. G. Nyström.

the wood planks, the mechanical performance of a paper is given by the prop-
erties of the wood fibres and the fibre-fibre bonds. These bonds are obtained
naturally when paper is dried and thus there are no needs for the addition of
for example glue. Paper is an important commodity in today’s society and the
annual production of paper products is almost 400 million tons.

In the late 19th century, a process for dissolving wood fibres into the cellu-
lose polymers using aggressive solvents was discovered. This made it possible
to produce new materials such as viscose (rayon) from the polymer chains,
which was the starting point for synthetic textiles and high performance fila-
ments. The need for the aggressive (and often toxic) solvents comes from the
need to dissolve the chemical bonds related to the nanofibrils and their crys-
talline parts. As it turns out, another drawback of dissolving cellulose and then
putting it back together as regenerated cellulose, is that the native crystalline
structure of the fibrils is not reproduced. In other words, the cellulose polymer
chains form a different crystalline structure (Cellulose II) in regenerated cellu-
losic materials compared to what is made naturally by the tree (Cellulose I).
The native Cellulose I structure is 50 % stiffer than the Cellulose II structure,
as shown by Sakurada et al. (1962).
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1.2. Cellulose nanofibrils and filament properties

It is possible to disintegrate the wood fibre into nanofibrils, the processes avail-
able to do this has until not long ago been very energy-demanding, (Turbak
et al. 1983). However, recent developments of chemical and enzymatic pre-
treatments of the wood pulp have made the disintegration process up to 98 %
less energy demanding (Pääkkö et al. 2007), and it is now perceived to be eco-
nomically viable to extract fibrils from wood as long as there is an end use for
the fibrils. The potential of the fibril as a building block of new materials is
due to the fact that its stiffness is comparable to Kevlar (Sakurada et al. 1962)
and its strength is of the same order as glass fibres (Saito et al. 2012). The
fibrils (depicted on a surface in Fig. 1.2) are around 20 nm in diameter and 1-3
µm long, see Fall et al. (2011, 2013) for more characteristics.

In Fig. 1.3a the specific strength and specific stiffness of wood fibres, differ-
ent common filament materials, and some metals are compared. The red dots
represent wood fibres from different parts of the tree having different nanofibril-
lar structure according to data presented by Page & el Hosseiny (1983). These
values should be considered to be at the upper limit when it comes to proper-
ties, based on comparisons with more recent results by, among others, Burgert
et al. (2002); Eder et al. (2013). The values in front of the ◦-sign correspond
to the orientation of the fibrils in the fibre, where 0 indicates that all fibrils
are aligned in the direction of the fibre. As the alignment of the fibrils is in-
creased (the angle to the filament axis is then decreased from 46◦ to 1◦), the
stiffness and strength increases almost one order of magnitude. The orange dot
corresponds to a single fibril (Saito et al. 2012). The blue dots are common
filament materials ranging from Nylon in the lower left corner through natural
wood based materials to high performance filaments in the upper right cor-
ner. Aluminum and steel are on the lower part due the the their high density.
Crystalline Cellulose I is indicated by a magenta dot while the two green dots
signify Cellulose II filaments, both the strongest found in literature (Northolt
et al. 2001) and the strongest filament commercially available (Cordenka 700)
(Northolt et al. 2001).

1.3. Cellulose nanofibril spinning

Cellulose nanofibrils have been used to create transparent films and paper (Hen-
riksson et al. 2008; Sehaqui et al. 2012), as well as filaments (Walther et al.
2011; Iwamoto et al. 2011). The strength and stiffness from these four studies
are presented in Fig. 1.3b, and it is obvious that the materials presented in
these studies only partly exploits the full potential of the fibrils. The basis for
this statement is that all strength properties are far from the performance of
the wood fibre with aligned fibrils.
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Figure 1.3. Properties of common filament materi-
als. (a) Overview of specific ultimate strength versus specific
Young’s modulus for a number of materials. Solid red dots
represent measurements of cellulose pulp fibres extracted from
wood while the open markers are filaments and films made of
CNF. (b) Close-up of a, where the angle (in ◦) displayed next
to some markers in represent CNF alignment (if this informa-
tion was possible to obtain), where 0 is in the direction of the
fibre or filament axis. Further details and references are given
in the text.
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As shown in Fig. 1.3b, considering the wood fibre, the orientation of the
fibrils in the material has a strong influence on the properties of the final ma-
terial. Sehaqui et al. (2012) (blue open triangles) produced films and Iwamoto
et al. (2011) (black open circles) made filaments where the fibril orientation was
modified by different means. Sehaqui et al. (2012) stretched wet gel-films to
align the fibrils and Iwamoto et al. (2011) used a method similar to commercial
wet spinning to vary the fibril alignment. These studies clearly show that the
material properties can be modified by controlling fibril orientation. However,
it should be noted that the strength does not improve for the most aligned cases
as compared to the second to most aligned (blue open triangle and black open
circle), in turn indicating that these two methods have reached their respective
limit with regards to strength. Furthermore, stretching a gel is only possible
until the gel breaks, which is the reason why even more aligned films could not
be produced in these studies. The stiffness of filaments made of CNF is greater
than that of viscose, but the strength is not. This indicates that the stiffness is
determined by the mean orientation alone, while the strength is dependent on
the process in which the nanofibrils are assembled and aligned. One reason for
plateau, in the filament manufacturing case by Iwamoto et al. (2011), which is
a drawback of the wet-spinning method, could be that the alignment is based
on a shear flow, which varies across the pipe cross-section. Nevertheless, the
industrial potential of fibrils is big and a process for producing materials assem-
bled from nanofibrils should preferably also exploit the possibility to control
fibril orientation in order to reach the full potential of the final material.

1.4. Scope of present work

The general objective of this work is to further increase the understanding of the
behaviour of elongated particles in different flow-fields. There are many ways
to study the interactions between fluid flows and elongated particles, both of
macroscopic- and nano-scale size. Observation of fibre orientation distributions
in well defined flows provide insights to the dynamics of the systems and the
interactions between particles and the fluid, as well as the interactions between
particles. As this thesis is cross-disciplinary with regards to materials and
experimental techniques, a full literature review on every aspect touched upon
in this thesis is not feasible and is therefore not included. The goal is to combine
knowledge from many different areas and not to focus on one specific detail.

Thus, the scope of this work has been to experimentally observe and analyse
orientation distributions of elongated particles in different flows, turbulent and
laminar. In order to enable this, experimental techniques and data analysis
methods have been developed. Experiments have been performed in dilute and
semi-dilute suspensions/dispersions. Moreover, flow field simulations have been
performed along with solving equations describing the evolution of orientation
distributions.
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The first setup that was used for experiments presented in this thesis is
related to the headbox of a papermachine. In this setup, fibre-wall interactions
were studied and the important questions that were addressed were

• which is the dominating mechanism?
• which mechanism determines the fibre orientation and is it the same
that determines spatial distribution of the fibres in the flow?

This experiment was a close collaboration with Tekn. Lic. Mathias Kvick at
Wallenberg Wood Science Center/KTH Mechanics, and the authors’ contribu-
tions are described in Ch. 7.

A second setup was designed to promote alignment of cellulose nanofibrils
using hydrodynamical forces and the assembly of these into cellulose filaments.
The aim was to create an aligned structure and investigate if the alignment
could be controlled by changing the flow parameters. Experimental techniques
to study the alignment both online in the flow, and in dry samples were explored
and evaluated. Furthermore, finding a model to describe the alignment process
in the fluid flow would be beneficial to understand the physics of the nano-
scale interactions between the fibrils. Initial studies of such models have been
performed.

This thesis continues with a discussion regarding material properties and
material processes in the next chapter. Thereafter, a new process is described
with the aim to align cellulose nanofibrils and manufacture a structured mate-
rial. The following chapter is dedicated to investigating the process steps and
more specifically verifying that the process is behaving as designed. The pro-
duced material (filament) is then characterised and connections to the process
are made. The conclusions and future outlook are presented in Ch. 6. Three
appendices are included, giving more details on the experimental and numerical
methods.
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CHAPTER 2

From material properties via material structure

to hydrodynamics

Strength, stiffness, density and conductivity are examples of material proper-
ties. Two parameters that have a major impact on these properties are, firstly,
of course, the physical constituents but secondly also the structure of the con-
stituents in the material, see Cox (1952); Page et al. (1971); Burgert et al.
(2002). In this chapter a sheet of paper is used as an example of how the struc-
ture influences the material properties and how this structure can be traced
back to the manufacturing process. The flow conditions will be discussed with
respect to a papermachine and how the flow will influence the structure of the
dry paper. Based on the above, one could wonder if it is possible to tune the
properties of the final paper just by modifying the flow of wood fibres early in
the paper making process?

2.1. Paper sheet

As described earlier, paper consists of wood fibres, which are elongated, rod-like
particles (Lundell et al. 2011). One way of demonstrating the importance of
the network structure of the fibres in a sheet of paper is to tear the paper in two
different directions (try it, tissue paper is usually a good demonstrator). What
happens? In one direction, the tear goes straight through the paper, while in
the other direction a zig-zag tear is observed. This difference is due to the
structure of the elongated wood fibre in the paper, and more specifically, that
the fibres are more aligned in one direction as compared to the other, i.e. the
paper has an anisotropic fibre orientation distribution. Thus, the paper has
different material properties in different directions. This raises the question
what the underlying cause could be.

2.2. Papermaking

In order to make a paper sheet, the tree must first be ground and the individual
wood fibres extracted. Thereafter, the fibres are suspended in water and spread
out to form a fibre web that resides on top of a permeable surface, which traps
the fibres but allows for the water to pass. The remaining water is removed,
first by pressing water from the web and finally, by subjecting the paper sheet

9
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Figure 2.1. Headbox of a papermachine. A schematic
image of a headbox of a papermachine where a water-fibre
suspension pipe flow is transformed into a sheet flow which
could be up to ten meters wide. In the lower left corner the
effects on a fibre floc is illustrated and the image is courtesy
of Doc. L. D. Söderberg.

to thermal drying. The bonding between the fibres is created during this final
drying stage.

The main objective of the papermachine is thus to distribute wood fibres
into a continuous web as efficiently and homogeneously as possible, see Lundell
et al. (2011). However, due to the high aspect ratio of the fibres (length to di-
ameter ratio) they tend to form flocs already at very low concentrations, ≈ 1 %,
Kerekes (2006). Hence, in order to create a paper sheet with high quality, the
fibre concentration has to be sufficiently low in the suspension. In the paper-
machine this suspension is pumped into a headbox (Fig. 2.1) with the purpose
of transforming a pipe flow into a liquid sheet that can be distributed onto a
moving permeable surface, i.e. the forming fabric. Therefore, the headbox is
responsible for distributing the fibres evenly and also for breaking up as many
fibre flocs as possible. The latter is promoted by the extension of the flow, i.e.
extensional flow, induced by the headbox contraction, Lundell et al. (2011).
However, the extensional flow does not only brake up the flocs but causes also
fibres to align in the flow direction. This has been demonstrated by e.g. Nord-
ström & Norman (1994); Olson et al. (2004); Parsheh et al. (2005); Hyensjö
et al. (2007), and is the reason for what can be experienced in the dried paper
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Figure 2.2. Fibres in a turbulent half channel flow.
(a) Image of fibres in a turbulent half channel flow, where the
fibres are black and the flow is from the bottom to the top
and clear fibre streaks are visible. (b) Close up of upper left
corner in a and here the orientation of the fibres are seen.

tear experiment mentioned earlier. Although papermaking has been around for
a couple of millennia many questions are still to be answered (Kerekes 2006),
such as is turbulence always causing more mixing? And is the extensional flow
always responsible for the orientation of fibres in the direction of the flow?
Some of the results presented in this thesis indicate that the explanation for
the fibre alignment may not be as straightforward.

2.3. Turbulent flow with cellulose fibres

Turbulence is defined as three-dimensional flow variations on all scales present
in the flow, from the scale of the flow system/conduit down to the smallest scale
where viscosity damps out all fluctuations, see Pope (2005). This usually means
that mixing is occurring at all scales. However, when fibres are introduced in
the flow, the turbulence is modified (Paschkewitz et al. 2004) and if, in addition,
a wall is introduced, the flow becomes even more complex due to introduction
of large-scale near-wall coherent structures (Jeong et al. 1997; Zacksenhouse
et al. 2001; Kaftori et al. 1995b; Lagraa et al. 2004). The effect of this on the
fibres in the flow is still not fully understood.

Experiments carried out with a fully turbulent half channel flow with a free
surface, described in detail in Paper 2, will be discussed here. The purpose is
to show that the fluid flow during the papermaking process can be important
for the final structure of paper and that turbulence does not necessarily mean
that parameters such as orientation and position tends towards randomness.
It should be noted that in a papermachine, the flow is generally turbulent and
the experiment presented here can be seen as an approximation of such flow
in order to study mechanisms appearing closest to the wall in the headbox
contraction.

Images of a dilute suspension of cellulose acetate fibres (dissolved and re-
generated cellulose from wood) in the turbulent flow are shown in Fig. 2.2,
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Figure 2.3. Fibre orientation distributions. (a,b) Ori-
entation distributions of fibres in the streamwise-spanwise
plane with different aspect ratios at different flow situations,
short and medium sized fibres in a and medium and long fibres
in b. Zero is in the flow (streamwise) direction and 90◦ is in
the spanwise direction.

where b is a close up of a. The fibres are died black and the flow direction
is from bottom to top in the images, corresponding to the x-direction. From
images such as these, it is possible to determine the spatial position as well as
the orientation of each fibre in the x-z-plane with the method by Carlsson et al.
(2011). Since the images are two-dimensional, only one spatial angle is possible
to determine and given the coordinate system depicted in Fig. 2.2a the angle β
is defined as the angle from the x-axis. By changing the flow parameters and
the length of the fibres, the understanding of important physical mechanisms
can be increased. In the experiments, three fibre lengths where used.

The first result is shown in Fig. 2.2a, where the fibres are observed to
accumulate in streamwise streaks. It is well known that even though a flow
is fully turbulent, velocity streaks are present in the region close to a wall
(Pope 2005). These velocity streaks have in simulations by for example Kaftori
et al. (1995a); Picciotto et al. (2005); Mortensen et al. (2008); Zhao et al.
(2010); Marchioli et al. (2009, 2010) been found to force spherical and elongated
particles to form particle streaks, also observed in this experiment. Hence, the
turbulence is responsible for clustering of fibres instead of mixing. In order to
analyze these images of particle streaks, a method was developed during the
work of this thesis and is presented in Paper 1 (H̊akansson et al. 2013).
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2.3.1. Important quantities regarding fibre orientation

In order to further discuss the orientation results, the orientation angle and
orientation distribution must be defined. These definitions are important also
for subsequent chapters. The orientation distribution is the normalised number
of fibres at each angle, and examples of distributions are shown in Fig. 2.3.
These distributions are results from the turbulent half channel flow experiment,
where β = 0 is in the flow direction, rp is the aspect ratio of the fibres used,
and l+p is a measure of the turbulence length scale compared with the length
of the fibre.

In Fig. 2.3a, one orientation distribution for short (rp = 7) fibres at l+ = 7.4
and two distributions for intermediate length (rp = 14) fibres at l+ = 8.0 and
13.8 are presented. The distributions for the two intermediate fibre lengths
(rp = 14) are very similar, even though the shortest turbulence scales are
increased by 70 %. However, the orientation distributions for the cases with
the same flow conditions but with different aspect ratios are clearly different.
The short fibres are oriented in the spanwise direction (β = 90 and 270), while
the intermediate fibre length gives a more isotropic distribution. In Fig. 2.3b,
the same comparison between intermediate (rp = 14) and long (rp = 28) fibres
are seen, and the conclusion here is that the long fibres tend to be aligned in
the flow direction (β = 0 and 180). The conclusion must be that the fibre aspect
ratio along with the mean shear dominates the behavior of the fibres and not
the turbulence.
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CHAPTER 3

From hydrodynamics via material structure

to material properties

A process for making filaments with highly aligned cellulose nanofibrils, using
the knowledge gained in the previous chapters, will be presented here. Re-
membering from the first chapter, that cellulose nanofibrils are as strong as
glass fibres and as stiff as Kevlar together with the fact that the fibrils have
not yet found widespread industrial applications, makes them suitable building
blocks. Moreover, the biodegradable cellulose could reduce the environmental
footprint compared to glass fibres or Kevlar. It was also discussed in Ch. 1
that trees make millimeter-sized fibres with properties similar to the fibril, and
that the structure of the fibrils in the wood fibre can be optimized to create
impressive properties. In principle, it should be possible to produce stronger
and stiffer cellulose based materials than what is currently available, and the
solution might be to use the cellulose nanofibril instead of cellulose polymer
chains. Furthermore, in Ch. 2 it was shown that it is possible to affect the
orientation of elongated particles with a fluid flow. By combining this knowl-
edge, a method for filament production was developed. It is based on aligning
nanofibrils using a fluid flow whereafter the structure is locked by forced gelling
and a continuous filament is produced.

3.1. Details of the cellulose nanofibril

Here, in order to design a process it is important to know the properties of the
starting material. A low concentration dispersion of nanofibrils in water (3 g/l
or a volume concentration of 0.23 %) will be used throughout. Even though the
weight concentration is low, this does not necessarily mean that the concentra-
tion is dilute. Since the fibrils have a very large aspect ratio, nl3 is a better
measure than weight concentration to describe the state of the dispersion, as
discussed by Kerekes (2006). The measure nl3 expresses how many particles
are in a cube with the side l, which is the length of the particle and n is the
number of particles per unit volume. In the system used here, nl3 is approxi-
mately 10 to 20 meaning that fibril collisions are frequent and the dispersion is
said to be in a semi-dilute state. If nl3 < 1×6/π ≈ 2 the dispersion/suspension
is dilute and if nl3 > 60×6/π ≈ 120 the dispersion/suspension is concentrated.

15
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Figure 3.1. Cellulose nanofibrils in dispersion and gel
states. In the right beaker the cellulose nanofibrils are in a
dispersed state at the concentration 3 g/l and pH 7, while in
the left beaker the pH is lowered to 2 and fibrils are forming a
gel.

Here, dispersion indicates that the particles are not dissolved nor are the
particles able to sediment. By adding a surface charge to the fibrils it is pos-
sible to store the fibrils as a stable dispersion for a long time, see Wågberg
et al. (1987); Fall et al. (2011). Due to this surface charge, the pH and ion
concentration is very important for the stability of the dispersion. The addi-
tion of more ions to the water eventually screens the surface charges, leading to
aggregation (gelation) of the fibrils, described by Fall et al. (2011). An example
of this is the pH dependence shown in Fig. 3.1, where the right glass beaker
contains a transparent dispersion at pH 7, while the left up-side-down beaker
consists of a gel at pH 2. The possibility to ”freeze” the dispersion into a gel by
changing the ion concentration is crucial in the later proposed process. Note
that the dispersion is transparent, due to the fact the fibrils are thinner than
the wavelength of visible light and hence invisible to the naked eye.

The shear viscosity of the 3 g/l dispersion at pH 7 was measured at room
temperature with a Brookfield rotary rheometer, and the results are shown
in Fig. 3.2. The viscosity of the CNF dispersion decreases from ≈ 65 mPa s
to ≈ 30 mPa s in the measured range, which can be compared to a constant
viscosity of 1 mPa s for water at 20 ◦C. As the shear rate is increased the
viscosity decreases, thus the dispersion is concluded to be shear thinning. The
shear rate at the wall in the later described process is 46 s−1.

The red line in Fig. 3.2 corresponds to the best fit to the Carreau fluid
model presented in equation 3.1 below, where ηeff is the viscosity, γ̇ is the
shear rate, η0 is the viscosity at zero shear rate, ηinf is the viscosity at infinite
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Figure 3.2. Viscosity measurement of CNF dispersion.
The black dots are shear viscosity measurements of the CNF
dispersion at pH 7 and the red line is a Carreau fit to the
measurements.

shear rate, τ is the relaxation time and n is the power index.

ηeff (γ̇) = ηinf + (η0 − ηinf )(1 + (τ γ̇)2)
n−1
2 (3.1)

The best fit yielded ηinf = 15.3 mPa s, η0 = 63.4 mPa s, τ = 39.8 s and n =
0.48. As can be seen in Fig. 3.2 the shear thinning behavior is well described
by the Carreau model, where the dispersion shows constant viscosities at high
and low shear rates corresponding to 63 mPa s and 15 mPa s, respectively.

3.2. Orientation of small elongated particles

As discussed previously, in order to design a flow field that can control the
fibre orientation distribution, one must take advantage of the knowledge on
how elongated particles behave in different flows. Given the properties of the
fibrils it should be possible to identify a suitable flow-field. Three assumptions
are made of the fibrils in the dispersion, namely that they are stiff, small enough
to be non-inertial and lastly that the fibrils do not affect the flow. As mentioned
regarding headbox flows in Ch. 2, extensional flow can orient elongated particles
in the direction of the flow, see e.g. Shaqfeh & Koch (1990); Pignon et al. (2003);
Krochak et al. (2008). This was predicted by Jeffery (1922) and in the same
paper Jeffery showed that elongated particles would tend to align with shear.
Thus, it should be noted that in the case of a shear flow, the particles will
perform a flipping motion and will be constantly rotating, even though the
time average orientation is in the shear direction (Jeffery 1922; Trevelyan &
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Figure 3.3. Flow focusing device. (a) Schematic of the
flow focusing device where two sheath flows focuses a core flow.
(b) A visualization image from the top of the channel, where
water is pumped from the sides and focuses a water-ink mix-
ture.
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Mason 1951). The setup proposed and used in this thesis is therefore a flow
focusing device, providing a controllable extensional laminar flow. Moreover,
compared to having a nozzle/contraction, the shear on the core dispersion is
small in the setup, which in turn is beneficial since the flipping motion of the
fibrils is unwanted.

3.3. Principles of the process

The principles of the process are firstly to align the fibrils in one direction
by a fluid flow, and thereafter lock the aligned structure with a dispersion-
gel transition. Here, this is realized in a flow focusing device, creating an
extensional flow in order to align the fibrils. At the same time ions are allowed
to diffuse into the fibril dispersion, resulting in a dispersion-gel transition and
therefore locking the aligned structure.
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3.3.1. Flow focusing

A flow focusing device is a four channel crossing, where three channels are
inlets and the fourth is an outlet (a schematic is shown in Fig. 3.3a). The two
side flows are called sheath flows and are responsible for focusing (extending)
the core flow. In Fig. 3.3b an image of the current setup is seen from the top,
water focusing an ink solution and the outflow is moving to the right.

The flow focusing design was first used by Knight et al. (1998) in order
to increase diffusive mixing from the sheath fluid to the core. Later, the same
device was used to induce chemical processes (Kenis et al. 1999) and in more
recent years also for filament production (Thangawng et al. 2009; Kinahan
et al. 2011). The filament production using a flow focusing device is usually
denoted hydrodynamic spinning, and most efforts have been aimed at creating
filaments with varying cross sections, see for example Shields et al. (2012); Boyd
et al. (2013). Furthermore, alignment of DNA in a flow focusing device was
examined by Pfohl et al. (2007), where the DNA was seen to align as an effect
of the extensional flow. However, the complete quantification and modeling of
this process has not been performed, and a contribution towards that goal is
presented in this thesis.

3.3.2. Locking the structure

The next step in the process, after alignment of the fibrils, is to lock the struc-
ture in the aligned state. The locking can be achieved by, for example, an
addition of ions to the sheath flows, since the ions then diffuse into the core
and induces a dispersion-gel transition, as is observed in Fig. 3.1.

A schematic of the full process is presented in Fig. 3.4, where the core
flow is seen as the green sheet, the fibrils are depicted in light pink (with fibril
length ≈ 300 larger than in reality compared with the channel width) and
the ions as a blue shading. The mechanical forces acting on the fibrils are
depicted in Fig. 3.4a-d, where the Brownian motion is seen in a-c and the force
from the extensional flow in b alone, while when ions have diffused into the
core no forces are present, d. The lower figures, e-h, describe the decrease in
electrostatic repulsion as more and more ions are present in the core.

A comparison with the widely used wet spinning technique should be made.
Wet spinning starts with a solution or dispersion that is pushed through a small
hole into a coagulation bath, where the structure is locked. The alignment of
the elongated particles, usually polymers, is achieved by drawing the filament
out of the hole. This drawing creates an extension that reduces the width of
the filament and align the polymers. However, in order to be able to draw the
filament, it must be strong enough to withstand the drawing force. In the case
of a weak gel made out of cellulose nanofibrils, this method is not possible.
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Figure 3.4. Illustration of the assembly process. The
nanofibrils in the focused flow are illustrated as rods (the fib-
ril length in relation to the channel width is exaggerated by
approximately a factor of 300). The diffusion of Na+, from
addition of NaCl in the focusing liquid, is illustrated with
a blue tint. The rows of small images above and below the
central image illustrates the hydrodynamical, molecular and
electro-chemical processes involved. (a) Rotary Brownian dif-
fusion (illustrated with the dashed arrows) affects the orienta-
tion of a single fibril, (b) hydrodynamically induced alignment
(illustrated by solid, gray, arrows) occurs during the exten-
sion/stretching, (c) Brownian diffusion continues to act after
the stretching has ceased, (d) Brownian diffusion is prevented
by the transition to a gel. The lower row of small images il-
lustrate how the electrostatic repulsion (illustrated by the red
area representing the Debye-length), decreases from e to h as
the Debye length is decreased with increasing Na+ concentra-
tion or by protonation of the carboxyl groups on the fibril
surface.

3.3.3. Timescales

In order to create a filament with an anisotropic internal structure it is impor-
tant to consider a number of timescales that must be in the correct relation
to each other. In this work, four timescales have been identified, namely, the
timescale for alignment due to the extensional flow, talign, the timescale for the
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ion diffusion into the core, tion, the timescale for de-alignment due to Brownian
motion, trot, and lastly the timescale for convection out of the channel, tconv.
For the process to work in the flow focusing device, two conditions must be
fulfilled talign < tion < trot and tion < tconv, where the first condition states
that the alignment must have time to happen before gelation which in turn
must be completed before the alignment is lost due to Brownian diffusion. The
second condition states that the transition to gel must be completed before
the flow is convected out of the channel. The hydrodynamic spinning concept
has been used before by Kinahan et al. (2011) with an attempt to align silk
proteins, however without taking the timescales into account.

3.4. Velocity determination by experiments and simulations

The first step in order to make sure that the process is working according
to the proposed scheme is to prove that the flow focusing device creates an
extensional flow. The velocity of the core fluid was therefore measured with
a micro Particle Tracking Velocimetry, µPTV, technique, fully described in
A.1.2. This technique is based on seeding the flow with small spherical particles
whereafter the flow is started and images are acquired of the moving particles
in the flow. The particles were detected in each image by a steerable filter
(Carlsson et al. 2011), and when the time between each image is known and
the same particle can be tracked in two sequential images, the velocity can
be calculated. For the case presented here, the channel is quadratic with a
height h = 1 mm while the volume flow rates are Q1 = Qcore = 6.5 mm3/s and
Q2 = Qsheath = 7.5 and 15 mm3/s. With the kinematic viscosity of water at
20◦C equal to ν = 1× 10−6 m2 s−1 the Reynolds number of the core becomes:
Recore = Qcore/hν = 6.5.

The velocity field was also simulated using the COMSOL Multiphysics soft-
ware, solving the Navier-Stokes equations. Simulations can be a great tool to
perform parameter sweeps, but also to tune physics that are hard to change
in the lab, such as the viscosity, density of the liquid or interferential ten-
sion between two fluids. However, the first step is to validate the simulations,
demonstrating that the simulations describe the physics observed in an exper-
iment.

Since there is a viscosity difference between the core flow and the sheath,
this system consists of two fluids and the level set method was used to de-
scribe the coupled flow of the two different fluids. The geometry used for the
simulations are depicted in Fig. 5a-c, and as can be seen the square geometry
of the channels was simplified to a two-dimensional axisymmetric geometry.
Due to the viscosity difference in the experiment, the cross section of the core
will assume a circular shape downstream of the focusing even in the square
geometry, (Cubaud & Mason 2006), and therefore the axisymmetric geome-
try was believed to be a good approximation. Velocity profiles for a case with
ηcore = 40 mPa at different downstream positions is displayed in Fig. 5d, where
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Figure 3.5. Streamlines and velocities from simula-
tions. (a) Streamlines from the simulations in white while
blue and red colors represent the different fluids. (b) Three-
dimensional representation of the simulation domain. (c)
Magnitude of the velocity field, where blue is low and red is
high. The red line indicates the interface between the two flu-
ids. The numbers represent downstream positions where all
numbers are normalized with h. (d) Velocity profiles at differ-
ent downstream positions, indicated in c. The black full line in
b is the analytical solution to the steady state Navier-Stokes
equations of a two fluid pipe flow.
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Figure 3.6. Velocities along the centerline. (a) Veloci-
ties along the centerline from simulations with different viscos-
ity of the core fluid. The legend corresponds to the viscosity
ratio between the core and the sheath fluids, except for the
case called Carreau being the Carreau fitted case. The dashed
vertical lines represent the sheath channel inlets. (b) Particle
tracking velocity measurements and simulations for two differ-
ent flow rates. The red lines are the mean velocities from the
measurements and the black lines are the standard deviation.
The green and blue lines represent simulations with viscosity
ratio 40 and the Carreau viscosity model, respectively.
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Figure 3.7. Shear rate. (a,b) The shear rate for the flow
focusing device and for a geometrical extension due to a con-
tracting channel. The shear rate ranges from 0 s−1 (dark blue)
to 100 s−1 (dark red).

a

b

the black solid line is an analytical solution of a fully developed core annual
flow (Tritton 2005). The dashed vertical lines represent the interface between
the two phases, black is the analytical result and red represents the simulation.
Note that the velocity of the core fluid is almost constant in r for z/h > 0.5.

The velocity along the centerline from the simulations for different viscos-
ity of the core flow is plotted in Fig. 3.6a. The velocity is seen to decrease
significantly as the viscosity of the core fluid is increased from 1 to 15 mPa s, a
result due to that the shear stress must be equal on both sides at the interface.
The velocity distributions in the channel were also experimentally investigated
by µPTV for two different velocities, as validation for the simulations. In figure
3.6b the velocity of all particles identified as function of downstream position is
presented, along with the non-Newtonian (green) and ηcore = 40 mPa s (blue)
simulation cases. The red line represents the mean of the experiment and the
errorbars indicate the rms. Even with all of these simplifications, the simula-
tions were seen to predict the mean velocity in the flow focusing channel well,
see Fig. 3.6b, where the best fit is ηcore = 40 mPa s also being the mean vis-
cosity. The desired extension/acceleration, along the centerline in the channel,
is proven to exist by both the experiment and the simulation.

3.4.1. Low shear

From the simulations, the local shear rate (γ̇ = velocity difference/distance)
is readily available and displayed for the flow focusing channel in Fig. 3.7b for
the ηcore = 40 mPa s case. From this figure, it can be noted that the shear
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inside the core flow is very low. If one would stretch the core by geometrical
means instead of with a sheath flow, the situation would be very different since
the velocity at the wall must be zero. Fig. 3.7a shows the shear rate in a case
where the fluid boundary between the two flows has been substituted with
a wall. The shear all through the fluid is significantly increased, promoting
flipping/rotation of the fibrils.
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CHAPTER 4

Fibril orientation in a flow focusing device

The process described in Ch. 3 is relying on an extensional flow to align the
elongated fibrils. The flow focusing device was, as predicted, shown to provide
an extensional flow. However, the rate of extension must be larger than the
rotary Brownian diffusion in order for the fibrils to align. Therefore, the align-
ment of the fibrils in the flow focusing device will be discussed in this chapter.
In order to prevent clogging in the channel, the alignment will firstly be studied
with water as the sheath flow implying that there will be no gel transition. The
orientation of the nanofibrils is characterised by synchrotron X-ray scattering
experiments, before, during and after the extensional flow, and is provided
along with a model describing the behaviour of the fibrils. Since synchrotron
X-ray experiments are expensive and time limited, modeling the alignment pro-
cess is crucial in order to make predictions of how different parameter changes
would effect the final alignment. By simulating the flow field (as in Ch. 3), and
by calculating the alignment from the model, a much larger parameter study
can be performed. This in turn results in a much faster process optimization
than if only experimental methods were at hand. However, a model must first
be proven to predict the physics observed in the experiments.

In this chapter, the alignment in a single focusing device together with the
model is presented first. Aiming at increasing the fibril alignment, a double
focusing device is constructed and the alignment was experimentally found
here too. Lastly, the scattering experiments are combined with the model and
additional polarized light experiments proving the locking of the alignment as
ions are introduced into the sheath flows.

4.1. Experimental orientation evaluation

The alignment of the fibrils caused by flow focusing was experimentally vi-
sualised using polarized light (POM) and quantified using Small Angle X-ray
Scattering (SAXS). The high intensity X-ray source available at a synchrotron
is needed in order to probe the weakly scattering cellulose. The possibility to
achieve a small beam is also beneficial for these experiments. The physical
realisation of the flow focusing channel, Fig. 4.1a, are shown in Fig. 4.1b. It
consists of a stainless steel plate, two windows and two aluminum plates. The
channels are cut out of the stainless steel plate and 20 screws are keeping the

27
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Figure 4.1. Experimental setup. (a,b) Schematics of the
experimental device. (c) Coordinate system. (d) Full experi-
mental setups for POM and SAXS.

a b c
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device from leakage. The two experimental setups (POM and SAXS), which
were used separately, are displayed in Fig. 4.1d. The light source, the camera
and the two polarization filters are used for the POM and the X-ray beam and
SAXS detector for the SAXS experiments.

Since the particles are smaller than the wavelength of light, they are in-
visible to the human eye. However, as the particles align in one direction the
dispersion or gel will become birefringent. This birefringence can be visualised
if the sample is placed between two crossed polarization filters (more details
are given in Sect. A.2.3 and Paper 6). The more light that passes through the
second polarization filter, the more birefringent the sample is, which in this
case means more aligned fibrils. An image of the fibrils in the flow where the
device is put between two crossed polarization filters is displayed in Fig. 4.2a.
It can clearly be observed that the light intensity is higher after the extensional
flow.

Five scattering images from five locations (red dots in Fig. 4.2a-b) are
displayed in Fig. 4.2c. From these scattering images it is possible to extract
the orientation distribution from the intensity variation at a constant radius.
The orientation distribution at different positions in the channel can further be
quantified using the order parameter, S, see Sect. A.2.2 and van Gurp (1995)
for details. The order parameter is 0 if the fibrils are randomly aligned and
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Figure 4.2. Experimental results of alignment in the
flow focusing. (a) The alignment is visualised by polarized
light where more light indicates more alignment. (b) Absolute
order of the fibrils in the flow focusing device by small angle X-
ray scattering, at the positions marked with blue and red dots
in a. (c) SAXS diffractograms from the positions marked with
red dots in a and b, where the red ellipse represent a constant
intensity.

assumes the value 1 if all fibrils are perfectly aligned in the flow direction. In
Fig. 4.2b the order parameter versus downstream position along the centerline
in the channel is presented. Before the extensional flow, the order parameter is
seen to be around 0.2, due to the shear at the walls in the square duct, as the
sheath flow is introduced at z/h = 0 the core flow is first decelerated followed
by an extensional flow for this flow rate, cf. Fig. 3.6 that contains results from
the flow experiments and simulations reported on, in the previous chapter.
In the same manner, the alignment first decreases as the flow is decelerated
whereafter the extensional flow aligns the fibrils. When the stretching ceases
and the flow is constant (z/h ≈ 2), the alignment is slowly lost due to rotary
Brownian diffusion, clearly demonstrating that the fibrils do align during the
extensional flow.
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Figure 4.3. Measured and computed alignment. (a)
The order parameter obtained from the solution of the Smolu-
chowski equation for three different flow fields. The flow fields
are solutions from simulations with different viscosity of the
fluid in the core, 1 and 40 times the viscosity of water, and
with the Carraeu model. (b) Seven different numerical so-
lutions to the Smoluchowski equation (solid lines) were the
rotary diffusion coefficient, Dr, is varied. The red line cor-
respond to the best fit. The dots are the same experimental
results as in Fig. 4.2.

a

b

4.2. Modeling of the orientation evolution

Here, the particle rotation model will be introduced and the parameters decid-
ing the final orientation discussed. The Smoluchowski equation (Doi & Edwards
1986) can be used to model the evolution of the fibril alignment along the cen-
terline in the flow focusing device. The equation describes the evolution of the
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orientation distribution, Ψ(r,p, t) and is dependent on position, r, orientation,
p, and time, t. The orientation distribution, Ψ, is affected by different forces,
here the force from the fluid on the fibrils and the rotary Brownian diffusion
will be considered. The stretching of the fluid will result in an angular velocity,
ω, of the fibril, analytically derived for a non-inertial particle by Jeffery (1922).
The Brownian diffusion is modeled with a rotary diffusion coefficient, Dr(p),
that needs to be fitted to the experimental data due to the semi-dilute state
of the dispersion (Doi & Edwards 1986). The Smoluchowski equation can then
be written as

DΨ

Dt
= �Dr · �Ψ−� · ωΨ, (4.1)

where � is the rotational operator:

� = r× ∂

∂r
. (4.2)

Simplifying to a one-dimensional problem along the centerline and assum-
ing symmetry for all θ (the coordinate system as defined in Fig. 4.1c), and with
w denoting the velocity in the z-direction, the non-dimensional Smoluchowski
equation becomes

w∗ ∂Ψ

∂z∗
=

1

sinφ

∂

∂φ

�
D̂∗

r sinφ
∂Ψ

∂φ
− sinφφ̇Ψ

�
(4.3)

where the superscript (∗) indicates a non-dimensionalised quantity, scaled with
w and h. The orientation distribution, Ψ, is normalized according to

� π

0

� π

0
Ψ sinφ dφ dθ = 1, (4.4)

which gives the isotropic distribution

Ψiso =
1

2π
. (4.5)

For this axisymmetric flow the angular velocity, φ̇, obtained from the torque
equations in Jeffery (1922), is given by

φ̇ =
∂φ

∂t∗
= −∂w∗

∂z∗

�
r2p − 1

r2p + 1

�
3

2
cosφ sinφ. (4.6)

It should now be noted that the orientation distribution is affected by two
different quantities. Firstly the flow will affect the distribution with the term
including the factor φ̇, which is expected to be large at the locations of a strong
rate of stretching of the fluid. Secondly, the magnitude of Dr, determining the
rotary Brownian diffusion. In order to verify how the different terms affect
the orientation distribution and finally the order parameter, both φ̇ and Dr

will be varied. In Fig. 4.3a the Smoluchowski equation is solved with different
flows but constant Dr = 0.35 rad2 s−1. The three different cases correspond
to three different viscosities of the core fluid, namely: 1 mPa s, 40 mPa s and
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Figure 4.4. Alignment for two extensional flow-fields.
(a) Order parameter versus downstream position in the flow
focusing device for two levels of extensional flow. Red and
blue dots along with the red line are the same as in Fig. 4.3,
while the pink dots are experiments for a doubled sheath flow
rate. The green line is a numerical solution with a simulation
with increased flow rates but with the same rotary diffusion
as the lower extensional flow. (b,c) Polarized light visualisa-
tions of the two extensional flows and the locations at were
the SAXS measurements, where a brighter region of the image
corresponds to a higher degree of alignment.

a non-Newtonian Carreu model fitted to the measured shear viscosity. The
velocities along the centerline for these three cases can be seen in Fig. 3.6,
and as expected, the best fit to the measured velocity in the channel, with
ηcore = 40 mPa s, results in the best fit to the measured order parameter along
the channel, seen in Fig. 4.3a. The effect of changing the rotary diffusion coef-
ficient, Dr, is presented in Fig. 4.3b, where it is seen that the order parameter
decreases faster towards 0 (isotropy) as Dr is increased. However, the order
parameter is not significantly changed during the strong stretching of the fluid
as Dr is changed, which means that the rate of deformation of the fluid is then
dominant.
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Figure 4.5. Double focusing device. Schematic of the
double focusing device.

4.3. Increased rate of stretching/extensional flow

4.3.1. Single focusing

The aim of the process is to produce a filament with as aligned fibrils as possible,
in order to (at least) recreate the good properties of the wood fibres with fully
aligned fibrils. In the model described above, an increased alignment is observed
if the rate of extension is increased. Therefore, experiments were also performed
with an increased rate of extension in the single focusing, where the volumetric
flow-rates of the sheath fluid were doubled. The results can be seen in Fig.
4.4, where the lower rate of extension is given by the red and blue dots, while
the five magenta dots correspond to an increased rate of extension. The red
and green lines in Fig. 4.4a are results from particle orientation calculations,
represented in terms of the order parameter, S, with constant Dr = 0.35 rad2

s−1 but with the flow-field obtained from simulations corresponding the each
flow case. POM images of the two flow cases can be seen in Fig. 4.4b-c, with
the measurement points indicated using the corresponding color as in Fig. 4.4a.
It is interesting to note that the calculations for the higher rate of extension
do not match the experimental results, and it is hypothesized that this is due
to the dependence of the orientation on Dr, i.e. the surface charge on the
fibrils may hinder a full alignment. However, the main conclusions are that the
extensional flow aligns the fibrils and that the Brownian diffusion adequately
describes the decay of alignment at constant velocity with minimum shear.
Considering the timescales introduced in the previous chapter, the results also
verify that the fibrils indeed have time to align, and the next step is to lock
the structure before the Brownian diffusion has de-aligned the fibrils.
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Figure 4.6. Alignment using double focusing. The red
dots are SAXS measurements of the alignment in a double flow
focusing device, where the blue lines represent the locations of
the two foci.

4.3.2. Double focusing

In order to increase the alignment even further, as well as to study the gelation
process, a double flow focusing channel, depicted in Fig. 4.5, was designed and
manufactured. In this setup, a passive sheath fluid (water) is fed into the
first focusing point and an active sheath flow, i.e. a solution of ions, into the
second focusing point 5 mm downstream of the first focusing position. The
ions induces a dispersion-gel transition in the core flow after diffusion through
the water layer, i.e. further downstream compared to the setup with one single
region of focusing. The purpose of the new device was to prevent clogging and
gel build-up at solid surfaces (corners) where the core and the active sheath
flow were first in contact. By encapsulating the core with a water sheath (first
focusing), the gelation will never occur at any wall and no gel will stick to the
walls.

The orientation along the centerline was again studied experimentally us-
ing SAXS without gelation, i.e. water in both sheath flows. The results are
shown in Fig. 4.6, along with a sketch of the locations of the two focusing
points. As in the experiment reported in the previous subsection, the present
experiment indicates that increased rate of stretching only gives a modestly
increased alignment.

Due to limited optical access of the channel during these SAXS measure-
ments it was not possible to perform gelation experiments nor was it possible
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Table 1. Table of experiments and cases.

Experiment Parameter Core First Second Gelation Experimental
number case material sheath sheath setup

1 Reference CNF pH 7 pH 7 - SAXS
2 Reference CNF pH 7 pH 7 - POM
3 Gelation CNF pH 7 pH 2 x POM

to tell if clogging occurred or not. However, POM experiments in combination
with SAXS and fibril orientation calculations makes it possible to determine
the location of gelation.

In the SAXS experiment presented in Fig. 4.6, the fibril dispersion was sup-
plied with flow rate Qcore = 1.1 mm3/s, the first sheath was Qs1 = 2.6 mm3/s
and the second sheath flow rate was Qs2 = 13 mm3/s. It should be pointed out
that the core flow is stretched approximately 15 times, which can be compared
to 2 and 4 for the cases in the single flow focusing. Surprisingly, this very high
extension did not result in much of an increase of the alignment, and there is
clearly a mechanism in the systems that is not present in the model (which
predicts a continuous increase in alignment for increased extension rates).

4.4. Gelation

It has now been established that it is possible to create a more ordered state
by extending/accelerating the fibrils in a flow focusing device, the next step is
to evaluate the possibility to lock the aligned structure by the dispersion-gel
transition. In order to examine the gelation, three experiments were conducted,
the first to determine the absolute order inside the channel without gelation
using the SAXS methodology described above. The second experiment was
conducted with the same settings but using POM and the third with gelation
and POM. The parameters for these experiments are summarized in Tab. 1,
where the reference is the case presented in Sect. 4.3.2. The techniques are
combined because the SAXS setup could not be used due to clogging in the
gelation case, and the POM experiments only give the relative variation order.

POM experiments were performed in order to evaluate the relative varia-
tion in order based on the variation in light intensity, I. The order parameter,
S, is related to the birefringence, ∆n, as

S =
∆n

∆nmax
, (4.7)

which is described by van Gurp (1995). However, for this case ∆nmax is un-
known and thus only the relative order can be extracted. The birefringence is
here proportional to the square root of the light intensity, I, passing through
the second polarization filter (Hecht 2002) and the relative order can then be
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Figure 4.7. Polarized light measurements during gela-
tion. (a,b) Images of the flow in the channel between two
crossed polarization filters (white arrows). The second sheath
flow has a pH of 7 in a and pH 2 in b. (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 be-
tween the two cases. The dashed line highlights the value 1.

expressed as

S

Sref
=

∆n

∆nref
≈

�
I

Iref
. (4.8)

The derivation and assumptions are described in Sect. A.2.3.

An image representing the reference case with no gelation and only water
(pH 7) as the sheath fluids is shown in Fig. 4.7a. An image from the gelation
case can be seen in Fig. 4.7b and the square root of the intensity ratio along
the centerline in the channel is presented in Fig. 4.7c. The ratio is observed to
be around 1 to z/h ≈ 12, where the ratio is increasing, which indicates that the
dispersion-gel transition has occurred. The fact that the ratio is increasing does
not necessarily mean that the order is increasing in any of the two cases. Since
the non-gelation case is always decreasing, the absolute SAXS measurements
are needed to evaluate the absolute behaviour.

By solving the Smoluchowski equation for a constant velocity and fitting
a rotary diffusion constant, an estimate of the decay of the alignment from
the maximum alignment at z/h = 2 can be found. Combining the calculation
with the POM experiment then results in an estimation of the order were the
gelation is initiated. In Fig. 4.8, the SAXS measurements are shown as red
dots, the rotation calculation is shown as a blue dashed line and the POM
results are represented with a black line. The black line is shown to assume a
constant value of around S = 0.36 (dashed brown line) after the gelation has
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Figure 4.8. Gelation quantification. 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.

occurred at z/h ≈ 12, which is a clear indication that the structure is indeed
locked as a gel.

4.5. Chapter conclusions

In this chapter, X-ray experiments showed that the fibrils align in the direc-
tion of the flow during the extension in the flow focusing device. Thereafter,
the fibrils de-align due to Brownian motion. This process is modeled by the
Smoluchowski equation with the flow and a rotary diffusion coefficient as input
parameters. A good agreement is found between the experiment and the calcu-
lation when the rotary diffusion is fitted to the experiments, even though only
qualitative agreement was possible at higher extensions. However, the decay
in alignment could be estimated by fitting the rotary diffusion in the Smolu-
chowski equation, even at higher extension rates. The combination of SAXS
and POM experiments with the model demonstrated that the order parameter,
S, stayed constant at a downstream position in the channel, when ions were
present in the second sheath flow, indicating that the gelation had occurred
and that the aligned structure was locked.

These experiments, simulations and calculations also confirm that the time-
scales introduced in Ch. 3 are in correct relation to each other. The fibrils
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align in the flow direction prior to the structure locking, which occurs before
the alignment is lost due to Brownian motion, talign < tion < trot.



CHAPTER 5

Filament properties

In Ch. 1 it was concluded that the key to utilizing the impressive properties
of the cellulose nanofibril in a macroscopic filament, is to align the fibrils in
the direction of the filament. In the previous chapter, fibrils where proven
to align in the direction of the flow in an extensional flow. Moreover, the
anisotropic network of fibrils, created by the extensional flow can be locked by
a dispersion-gel transition.

In this chapter, focus is on evaluating and characterizing the mechanical
properties and fibril alignment in dry filaments produced in the flow focus-
ing channels. Filaments manufactured during different flow conditions will be
tested and it will be shown that the rate of extension along with concentration
of ions in the sheath flows are crucial parameters when creating an anisotropic
network in the flow focusing device.

The first section will cover the single flow focusing device while in the
second section, the improved process with a double focusing is presented.

5.1. Single focusing

A gel thread was produced in the flow focusing device using NaCl solutions as
sheath flows. Thereafter, the gel thread was ejected from the device directly
into a bath consisting of pure water or a solution of ions, depending on the
parameter case. The next step was to move the gel thread to a coagulation
bath consisting of acetone, where the excess ions inside the gel thread was
allowed to diffuse out. Finally, the thread was taken up from the acetone bath
and dried in air with fixed endpoints.

Four parameter combinations A-D were used to produce ten different fil-
aments, and the operating conditions are displayed in Tab. 1. Two different
extension rates, two different ion concentrations and two different ejection baths
were used in order to investigate the influence on the alignment and mechanical
properties. The hypothesis was that cases C and D should produce filaments
with less aligned fibrils. In case C, the decreased salt concentration should
move the initiation of the gelation further downstream, at a location where the
fibrils are less aligned, whereas the lower rate of extension case D, was expected
to result in a lower alignment maximum.

39
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Table 1. Table of filament production conditions where the
outlier parameter(s) in cases A, C and D is/are in italic.

Core flow Sheath flow Flow rate NaCl conc in NaCl conc
Case rate, Q1 rate, Q2 ratio, sheath flow, in bath

[mm3 s−1] [mm3 s−1] Q2/Q1 [mM] [mM]

A 6.5 7.5 1.15 100 0
B 6.5 7.5 1.15 100 100
C 6.5 7.5 1.15 50 100
D 6.5 4.5 0.69 100 100

5.1.1. Images

Figure 5.1 shows images of a dry filament along with X-ray diffractograms from
a scan across a filament from case B. In Fig. 5.1a, a filament is placed between
two crossed polarization filters, where the fibril alignment is highlighted at 45◦

with respect to the polarization filters (white arrows). A light microscope is
used to acquire the image in Fig. 5.1b and a Scanning Electron Microscope
(SEM) is used to acquire the images seen in Fig. 5.1c-e and g-h. The filament
is seen to be straight and have a quite constant and homogeneous cross section.
A single fibril is indicated by the white arrow at the cross section in Fig. 5.1g
and fibrils are seen on the surface of the filament in Fig. 5.1h. X-ray diffrac-
tograms are shown in Fig. 5.1f and even though the intensity is varying between
the diffractograms, due to the circular shape of the filament, the orientation
information (azimuthal) is very similar for all five plots.

5.1.2. Alignment

The alignment of the fibrils in the dry filament is evaluated with X-ray scat-
tering in a similar fashion as carried out for the alignment in the channel.
The difference here is that the detector has been moved closer to the sample,
meaning that smaller scales are detected. This technique is called Wide An-
gle X-ray Scattering (WAXS), because wider angles are detected. The smaller
scales are the distances between atoms in the cellulose chains instead of dis-
tances between fibrils as in SAXS. The fibrils are now packed so tightly that
the SAXS signal is lost. It is assumed that the fibrils are oriented in the same
direction as the cellulose chains, which was shown by Eichhorn et al. (2010).
Figure 5.2a shows a diffractogram and in Fig. 5.2b a radial integration of this
diffractogram is displayed. In Fig. 5.2c, azimuthal integrations at the peak
q = 4π sin(ζ/2)/λ = 15.8 nm−1 is presented, where λ is the wavelength and ζ
is the scattering angle. The radial integration reveals that it is in fact the Cel-
lulose I structure that is present in the sample while the azimuthal integration
directly corresponds to the orientation distribution of the cellulose chains (and
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Figure 5.1. Images and diffractograms of the dried fil-
ament from case B. (a) Image of a single filament placed be-
tween two crossed polarization filters rotated 45◦ with respect
to the vertical axis (white arrows), the scale bar represents
10 mm. (b) Image of a filament in a light microscope. (c–
e,g,h) SEM images of a filament, where the outlined squares
are close-ups. The scale bars are 20 µm in b-d, 2 µm in e and
500 nm in g and h. (f) Diffractograms from a horizontal scan
of a filament shown in b, where the filament has a diameter of
∼ 30 µm, the beamsize is 1.5 × 1.2 µm2 (Horiz.×Vert.) and
the distance between two diffractograms is 6 µm (the region
covered by each diffractogram is indicated with blue rectangles
in b). The scale bar in f is 10 nm−1.

therefore also the fibrils). In Fig. 5.2c, the orientation distributions from cases
A and D are displayed and the lower peak for case D means that the fibrils
are less aligned in case D, as expected. The order parameters are S = 0.39 and
0.50 for case D and case A, respectively.
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Figure 5.2. Structure and mechanical properties of
the filament. (a) Diffractogram of the strongest and stiffest
filament (case A), where IDG denotes the intermodular detec-
tor gap and the scale bar is 10 nm−1. (b) Radial integration
of the diffractogram shown in a. (c) Azimuthal integration
of the (200) scattering plane of the diffractogram shown in a
(case A) as well as an integration from case D.

5.1.3. Mechanical properties

In Tab. 2 the results from tensile tests along with the fibril alignment results
are shown. Sect. A.3.3 presents the details of the experiments. The strongest
filament for each case is presented with a star in Fig. 5.3 along with the mate-
rials introduced in the first chapter. The flow conditions in case A produced
the strongest filament with a comparable strength and stiffness of a wood fi-
bre at the same fibril orientation. Furthermore, the mechanical properties are
comparable to the strongest commercially available cellulose-based man-made
filament, the Cordenka 700. The fact that the alignment is only 35◦ (S = 0.50)
indicates that it can be improved and the goal of reproducing the same me-
chanical properties as the wood fibre at 1◦ (S ≈ 1) is possible. Moreover,
filaments with less aligned fibrils (case C and D), are seen to be weaker and
less stiff compared to the more aligned filaments (case A and case B). Hence,
it is possible to control the properties of the dry filament by controlling the
flow conditions in the flow focusing device.

5.2. Double focusing

During the experiments with the single focusing device, it was noted that when
an increased sheath flow rate was used to improve alignment, a buckling insta-
bility developed at the ejection point into the bath. This instability is most
likely related to a too high absolute ejection speed from the device outlet. Fur-
thermore, the single focusing device has, as described in the previous chapter,
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Figure 5.3. Properties of common filament materials.
(a,b) Overview and close-up of specific ultimate strength ver-
sus specific Young’s modulus for a number of materials, re-
spectively. Solid red dots represent measurements of cellulose
pulp fibres extracted from wood while the open markers are
filaments and films made of CNF. The properties of filaments
prepared by alignment followed by dispersion-gel transition are
represented by filled stars, where the four different colours be-
long to four different cases. The angle (in ◦) displayed next
to some markers in b, represent the CNF alignment (if this
information was given), where zero is in the direction of the
fibre or filament axis. Further details are given in the text.
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Table 2. Properties of the dried filaments where the mean
and standard deviation (in parenthesis) are given. The number
of measured samples is three (3) for cases A and B and two
(2) for cases C and D.

Radius, Tensile str- Modulus, Strain-to- Order para- Mean fib-
Case r ength, σc E failure, �c meter, S ril angle,

[µm] [MPa] [GPa] [%] [◦]

A 14 (1.5) 490 (86) 17.6 (0.7) 6.4 (1.6) 0.50 (0.01) 35 (0.4)
B 11 (0.2) 445 (60) 18.0 (0.8) 8.6 (1.1) 0.50 (0.01) 35 (0.5)
C 16 (1) 300 (20) 12.4 (0.5) 11.2 (0.1) 0.38 (0.02) 40 (1)
D 19 (1) 295 (19) 12.8 (0.5) 11.1 (0.4) 0.39 (0.02) 40 (1)

a general tendency for clogging through the formation of stickies (gel agglom-
eration) in the flow conduits. Thus, in order to increase the fibril alignment
without buckling, the core flow rate has to be reduced giving a quicker gelation
process, which in turn causes an increased formation of stickies in the corners.
These two mechanisms limit the alignment that can be achieved with the single
focusing device. As described earlier, the double focusing device encapsulates
the core dispersion with neutral water and the fibrils are never in contact with
a wall when the gelation is initiated. In addition, this allows the use of H+

ions instead of using Na+ ions, which allows a faster and more homogenous
gelling. The results were obtained using the same flow parameters as in the
previous chapter when the gelation was studied, see Tab. 1 in Ch. 4. It should
be remembered that water with pH 7 is fed into the first focusing step and a
pH 2 solution was fed into the second focusing step.

When a higher extension rate is used, the contraction of the core fluid
increases, resulting in thinner filaments, see Fig. 4.5. This in turn made the
coagulation step (acetone bath) superfluous since the water evaporation from
the surface of the thread was fast enough. The water encapsulated inside the gel
thread evaporated in a few minutes for the thin gel filaments (diameter ≈ 100
µm), which should be compared to tens of minutes for threads made with the
single focusing device (diameter ≈ 300 µm). However, as a post-treatment, the
filaments were still moved to, and stored in a pH 7 bath for 24 h in order to
let the excess ions diffuse out of the gel before drying.

5.2.1. Alignment

The alignment of the cellulose nanofibrils inside the filaments was again mea-
sured with WAXS. A diffractogram and the integration at q = 15.8 nm−1 is
seen in Fig. 5.4. The peaks in the orientation distributions are thinner than
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Figure 5.4. Alignment of the fibrils inside a filament
made in with double channel device. (a,b) WAXS
diffractogram and azimuthal integration from a filament made
in the double focusing device, compare with Fig. 5.2a and c.
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Fig. 5.2c indicating a higher degree of alignment, confirmed with the order pa-
rameter calculated to be S = 0.60. Hence, it is possible to produce a filament
having a higher degree of alignment with an increased rate of extension.

A further increase of alignment should be possible by optimizing the lo-
cation of the gelation. From the previous chapter, where it was demonstrated
that the gelation occurred at z/h ≈ 12, it can be concluded that a solution with
lower pH could be used to create an even more anisotropic filament (resulting
in gelation closer to the alignment peak). It should be noted that the network
was locked at the order of S ≈ 0.36, indicating that the alignment is further
increased during the drying from 0.36 to 0.60. Note also that the filament
shrinks significantly during the drying process as the solid content increases
from 0.3 % to around 100 %.

5.2.2. Size

The size of the filament is directly proportional to the mass flow ratio between
the core flow and the sheath flows. As mentioned above, with an increased
extension, the new filaments became thinner (diameter 6 − 10 µm) than the
ones made in the single focusing device (diameters of 20− 40 µm). The small
size and high strength made it possible to knot two filaments together as is
displayed in Fig. 5.5.

5.2.3. Conductivity

Carbon nanotubes (CNT) have, among other impressive properties, the capa-
bility to conduct current very well, as is described by Wong et al. (1997); De
Volder et al. (2013). However, from a material manufacturing process point of
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Figure 5.5. Two filaments with a knot. SEM image of
two filaments produced in the double focusing device and tied
together into a knot.

view there is a problem: the carbon nanotubes have a tendency to aggregate
when suspended in water. Chemicals or surfactants must be added in order to
achieve a stable dispersion (Premkumar et al. 2012). It was recently discov-
ered that cellulose nanofibrils can be used to stabilize the carbon nanotubes
and create a stable dispersion which does not form aggregates (Hamedi et al.
2014). Furthermore, as with the pure CNF dispersion, a transition to gel can
be induced by decreasing the pH. This makes it possible to produce conduc-
tive anisotropic filaments consisting of a mixture of cellulose nanofibrils and
carbon nanotubes. Within the work of this thesis, composite filaments were
manufactured and characterized in terms of cellulose nanofibril alignment.

The double focusing device and the same flow conditions as before were
used with a dispersion consisting of 40 % CNT and 60 % CNF at 3 g/l in
water. Figure 5.6a-b displays SEM images of the filament and in Fig. 5.6c a
LED lamp is lit by the current provided through two CNT/CNF filaments with
diameters of around 6 µm. The order parameter of the fibrils was measured
to be S = 0.51, similar to the case with a single flow focusing and only CNF.
A more detailed description of the dispersion and the material characteristics
can be found in the paper by Hamedi et al. (2014).
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Figure 5.6. Composite filament. (a,b) SEM images of a
composite made from carbon nanotubes and cellulose nanofib-
rils. (c) Two conducting filaments connected to an LED lamp.
Reprinted with permission from Hamedi et al. (2014) ACS
Nano 8, 2467-2476. Copyright (2014) American Chemical So-
ciety.

a b c
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CHAPTER 6

Conclusions and future outlook

The main contributions and conclusions put forward in this thesis have been
collected in this chapter, as well as an outlook on possible future developments.
The conclusions are short and concise in order to pinpoint the new contributions
within each field.

6.1. Conclusions

6.1.1. Fibres in a turbulent half channel flow

Fibres in a turbulent half channel flow were studied experimentally at the
KTH water-table, where the orientation and spatial position of the fibres were
identified. Cellulose acetate fibres with three different aspect ratios (7, 14 and
28) were used and the inclination of the table along with the height of the
water layer were varied. For full details of the experiment and the methods see
Papers 1 and 2. The main conclusions are:

• The fibre aspect ratio controls the orientation of the fibres in the flow.
• Flow-field variations causes only minor changes to the fibre orientation
distributions.

• Short fibres with an aspect ratio of 7 align in the spanwise direction
while long fibres with an aspect ratio of 28 align in the streamwise
direction. Fibres with an aspect ratio equal to 14 have a more isotropic
distribution.

• Addition of Polyethylene Oxide polymers (40 ppm) affects the orienta-
tion distributions of the intermediate fibre length causing it to be even
more isotropic, while the short fibres were unaffected.

• Fibres are gathered in streamwise streaks for all parameters tested. By
developing a method to quantify the streakiness, a maximum in the
streakiness was detected.

• When evaluating the streakiness, extreme care must be taken to concen-
tration variations in order to be able to compare different measurements.

6.1.2. Hydrodynamic spinning of cellulose nanofibrils

A method for producing continuous filaments from a cellulose nanofibril dis-
persion was designed and evaluated. The principle of the method is to align

49



50 6. CONCLUSIONS AND FUTURE OUTLOOK

the fibrils in an extensional flow whereafter a phase transition from dispersion
to gel locks the aligned structure. The main conclusions are:

• The cellulose nanofibril dispersion with a concentration of 3 g/l was
seen to be shear thinning with a mean viscosity of 40 mPa s, in the
experiment.

• A flow focusing device was used to create an extensional flow, where the
flow velocity was measured using particle tracking velocimetry and sim-
ulated with a two fluid method in the commercially available COMSOL
Multiphysics. The sheath flows were seen to stretch/accelerate the core
flow and the simulations with a core viscosity of 40 mPa s provided a
good fit to the experiments.

• X-ray scattering experiments showed that fibrils aligned in the direction
of the extensional flow, whereafter the orientation distribution became
more isotropic.

• The evolution of the orientation distribution was modeled with the
Smoluchowski equation. The velocity field was extracted from the sim-
ulations and used in the calculation.

• An increase in the rate of extension does not produce as high anisotropy
as predicted by the model.

• The introduction of a second flow focusing step made it possible to run
the process continuously and also study the gelation process.

• The aligned fibril structure was proven to be locked through gelling in
the channel by the introduction of ions.

• Hydrogel filaments were ejected into a bath from the flow focusing de-
vice, taken out of the bath and dried to become cellulose micro-filaments.

• Varying the flow rates created filaments with varying degrees of fibril
alignment inside the different filaments. The different degrees of align-
ment resulted in different mechanical properties of the dry filaments.

• The strength and stiffness of the filaments are in line with wood fibres
from trees with the same fibril alignment.

• It was possible to create a knot of two thin filaments produced in the
double focusing device.

• Timescales were identified and must be in correct relation to each other,
in order for the process to produce a filament with an anisotropic fibril
network.

6.2. Future outlook

6.2.1. Fibres in a turbulent half channel flow

In order to predict how ash particles from a volcano eruption will spread in the
atmosphere, or how to design a new industrial process containing a liquid and
a solid state, models describing how the particles behave in turbulent flows are
needed. The brute force method would be to solve the flow field by a direct
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numerical simulation and resolve the motion of all particles. This, however, is
not yet feasible for high Reynolds numbers and thousands of particles. The
questions is then which physical effects, such as particle size, aspect ratio or
density are more important and when?

6.2.1a. Validation for simulations. The experiments performed within this the-
sis on fibres in turbulent flow can be seen as a test case for simulations. Can
the models available today predict and reproduce the results presented here?
The clear difference in orientation between aspect ratios 7 and 28 is a good in-
dicator. One could, as a next step, perform simulations with different physics
turned on or off to see how this influences the results and then better under-
stand which phenomena are most important. Having this information, models
can be developed which in turn could potentially be used in other turbulent
flows.

6.2.1b. Further experimental work. Another direction is of course to modify the
experimental setup and perform more experiments. The location of the fibres
in the wall normal direction is interesting in order to understand what kind of
turbulence and eddies the fibres are subjected to, as well as understanding how
important the actual wall contacts are. Measuring the fluid and fibre velocities
could be performed with particle image velocimetry, potentially also giving the
rotational velocity of the fibres. This information is very useful in finding a
model to couple the fluid and particle motions.

As a final remark, the particles have been seen to stabilise the velocity
streaks, see for example Zhao et al. (2010); Marchioli et al. (2010). Could
this delay the transition from laminar to turbulent flow in a similar manner
as the introduction of streamwise vortices delays transition on a flat plate,
see Shahinfar et al. (2012)? How the orientation of the fibres influences the
transition, if at all, could potentially be explored with the streakiness measure
in combination with fluid velocity measurements.

6.2.2. Hydrodynamic spinning of cellulose nanofibrils

6.2.2a. Increasing the alignment by flow focusing. If one considers the goal of
creating the strongest man-made filament from cellulose nanofibrils, the fibrils
must be perfectly aligned in the direction of the filament. The filament with
the most aligned fibrils presented here has the order parameter S = 0.60,
which is still not very close to the perfectly aligned case with S = 1. An
increased alignment could potentially be achieved in different ways not only
with fluid flows. However, if one would continue in the direction presented
here, one would like to be able to align the fibrils to a higher degree with the
extensional flow. The low highest alignment found in the present experiments
(at S ≈ 0.45) is a problem and understanding if there really exists a maximum,
beyond which the particles cannot further align, is highly relevant. One reason
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for a maximum could be due to the interactions between the fibrils on the
nano-scale. Is it the surface charges or maybe the high concentration that is
hindering the alignment? Simulations of a few fibrils on the nano-scale could
be one way to assess this problem. Moreover, how the magnitude of the rotary
Brownian diffusion changes with order is not understood in the semi-dilute
regime, or, for that matter, even how the Brownian motion is changing with
the concentration in the semi-dilute regime. Here, since the reference SAXS
measurements are performed, one could readily perform POM experiments
with different pH and/or surface charges in order to identify what (if any)
effect/s these parameters would have. Using different fibril concentrations is
most probably not as straight forward due to the concentration dependency of
the birefringence. But one should not forget that it is possible to detect where
the gelation starts, and one should be able to lock the structure at a more
optimal location, where the order is maximised.

6.2.2b. Increasing the alignment by other means. Increasing the orientation
could possibly also be done by other means than the extension in the flow
focusing. One could, for example, try the normal filament post-processing
technique of drawing, i.e. stretching the gel thread in a controlled manner.
Other ways could be to introduce an acoustic/electric/magnetic field online in
the channel after the focusing.

6.2.2c. Industrial production of filaments. Even though the full potential of the
present methodology is still not reached, this non-optimized process could be
used already now, to make filaments that have properties similar to the high
performance cellulose fibres made from dissolved pulp or other textile filaments.
Another possibility is therefore to be satisfied with the current alignment and
instead try to maximise the production speed.

6.2.2d. Composite manufacturing. A fourth direction is to make more high per-
formance composites and/or devices with the hydrodynamic spinning process.
A lot of materials could be optimized in a channel system like the ones evalu-
ated here. Applying coatings should be possible to do in controllable manners,
by having one or several more foci for example.

6.2.3. Further modeling the alignment process

In order to increase the understanding of the alignment process, and in par-
ticular the resistance to alignment of the fibrils, the interactions between the
nanofibrils can be taken into account in the Smoluchowski equation. Below,
the addition of an interaction term described in Doi (1981) based on Onsager
(1949) is discussed. The new equation reads:

w∗ ∂Ψ

∂z∗
=

1

sinφ

∂

∂φ

�
D̂∗

r sinφ

�
∂Ψ

∂φ
+ΨF

�
− sinφφ̇Ψ

�
, (6.1)
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Figure 6.1. Measured and calculated alignment. (a-c)
The experimental dots are the same as presented in chapter 4,
(Fig. 9), as well as the dashed red and turquoise curves, which
were solid in the aforementioned graph. In a, the blue curve
is a better fit to the lower extension rate using the appended
Eq. 6.1. The same calculation as in a, with higher extension
rates in b and c, where experimental data are available for the
case shown in b.
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where F is an undetermined function dependent on the alignment of the par-
ticles, S. When F is set to:

F = 1− US2, (6.2)

where S is the order parameter and U is a non-dimensional measure of the
strength of the interactions in the dispersion, surprisingly good results are pro-
duced. An approximate alignment correction, proposed by Doi (1981), which
considerably speeds up the calculation is given in Eq. 6.3, has been implemented
here. Notice the similarity between F and the new term in D̂∗

r . Remember
that the asterisks indicates a non-dimensionalised quantity.

D̂∗
r = D∗

r

�
1− 3

2
S2

�−2

(6.3)

Equation 6.1 is solved with the two fitting parameters: D̂r and U . The best
fit for the low extension rate case (Q2/Q1 = 1.15) was with D̂r = 0.13 rad2

s−1 and U = 160, see Fig. 6.1a. The dashed red curve is the same as showed
in Ch. 4 and the blue curve is the new fit. An improvement is seen after the
extensional flow at lower orientations. Using the same parameters but with the
increased extension rate (Q2/Q1 = 2.3) yields the magenta curve in Fig. 6.1b,
while the turquoise dashed curve is the previous result. The magenta curve
almost passes through all magenta measurement points, where it is important
to point out that the parameters were fitted for the lower extension rate and not
this high case. In Fig. 6.1c, a third, even higher extension rate (Q2/Q1 = 4.6)
is added. It can be seen that the peak in alignment is increased, but is also
very narrow, before relaxation towards the collapse with the lowest extension
case. This result indicates that the fibrils can be highly aligned, if only for a
short moment and it is hence evident that the point where the gelation occurs
is crucial in order to produce a filament with high degree of fibril alignment.

Even though the agreement is very good, the physical reason for the cross-
ing of the magenta and black curves with the blue is unclear. Therefore, the
reason why F should have an S2 dependence as in Eq. 6.2 needs to be investi-
gated further, and a proof that this assumption is physical would be of great
value.
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Wittberg (LPW), L. Wågberg (LW) & L. D. Söderberg (LDS). Manuscript in
preparation

This paper introduces and evaluates a double flow focusing device with the
aim to improve the filament manufacturing process. The idea was proposed
during discussions between KMOH, FL, ABF, LPW, LW and LDS. KMOH
produced the filaments and designed the experimental scheme under supervi-
sion of FL, LPW and LDS. The SAXS and WAXS experiments were performed
by KMOH, FL, ABF, LPW and LDS. The SEM images of the knot made by
KMOH were taken by ABF. KMOH wrote the paper with input from FL, LPW
and LDS.

Paper 6
Online determination of anisotropy during cellulose nanofibril assembly
K. M. O. H̊akansson (KMOH) Manuscript in preparation

A method for determining the position in the channel and at what orienta-
tion the gel induced locking occurred is discussed in this paper.



58 7. PAPERS AND AUTHORS’ CONTRIBUTIONS

Part of this work has been presented orally by the author at:

2nd SIG43 workshop on fibre suspension flows,
9 – 10 February 2010, Stockholm, Sweden

Ekmandagarna,
25 – 26 January 2011, Stockholm, Sweden

3rd SIG43 workshop on fibre suspension flows,
6 – 8 April 2011, Udine, Italy

Svenska mekanikdagar,
13 – 15 June 2011, Göteborg, Sweden
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APPENDIX A

Experimental Methods

The experimental methods used in this work are described in this appendix.
There are two methods to measure fluid velocities and three methods to deter-
mine the orientation of particles online. Three techniques are used to charac-
terizing the filaments in terms of fibril orientation, ultimate strength, stiffness
and shape.

A.1. Velocity Measurements

A.1.1. Laser Doppler Velocimetry, LDV

Laser Doppler Velocimetry (LDV) measurements were performed at the KTH
water-table (approximate half channel) in order to confirm that the flow was
turbulent and fully developed. The setup consists of two coherent and monochro-
matic laser beams (usually originating from one beam) that are allowed to cross
in one point, which is the velocity measurement point. The two laser beams
create an interference pattern, and when a particle travels through the pattern
a doppler signal is produced. A photodiode is used to detect the resulting
doppler signal and from that signal a velocity is calculated. Here, the pure
water flow was seeded with polyamid seeding particles with 20 µm diameters
from Dantec dynamics, which do not disturb the flow. Hence, the velocity of
the beads is seen as the velocity of the fluid.

In order to measure the full velocity profile, the laser beams were traversed
through the water layer at four positions. The four points were: the image
acquisition point, one upstream position and two streamwise positions.

A.1.2. Micro Particle Tracking Velocimetry, µPTV

The velocity of the core fluid in the single flow focusing device was studied with
Micro Particle Tracking Velocimetry, µPTV, which is an imaging technique
based on identifying and tracking individual particles in consecutive images
in the flow. If the time between images is known the velocity can directly
be calculated. The method assumes that the particles are small enough to
follow the flow as passive tracer particles, and in this experiment polyamid
seeding particles with 20 µm diameters from Dantec dynamics were used. A
low concentration of particles was mixed with the CNF dispersion and image
sequences were captured at frequencies, f = 50 and 100 Hz, with an exposure
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Figure A.1. µPTV in channel. (a) Background image
in the channel. (b-d) Three consecutive images, where three
particles are marked with red circles.
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time of 3 ms. The particles were identified with the method described by
Carlsson et al. (2011) and a simple PTV algorithm was developed as described
below.

The algorithm stepped through all (n) particles with positions (zij , y
i
j),

j = 1, ..., n, in image i. First selecting particle p, and checking at all positions
zi+1 > zip and yi+1 = yip±3.5 pixels in the next image (i+1), in order to find the
same particle. If a match was found, the difference in pixels is ∆z = zi+1

p − zip.
The last criterion was to search for the same particle in a third image (i + 2)
at 2∆z × 0.9 < zi+2 < 2∆z × 1.1 and yi+2 = yip ± 3.5. The 10 % tolerance
allows accelerating particles. If the last criterion was fulfilled the velocity was
calculated from ∆z, the frequency of the image acquisition, f , and the number
of pixels per length, at the position zip +∆z/2.

A background image at the focusing is displayed in Fig. A.1a and three
consecutive example images are seen in Fig. A.1b-d, where the background has
been removed. In Fig. A.1b-d, the detected particles are marked by red circles.

A.2. Particle orientation measurements in fluid flows

A.2.1. Optical

The orientation of the fibres in the turbulent flow was found by acquiring
images of the fibres in the flow. The fibres where died black, while the images
were acquired with a camera (Basler piA1900-32gm) and in combination with
a flash.
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Figure A.2. X-ray scattering. An X-ray beam with wave-
length λ is going from left to right, and scattered by the gray
particles. Constructive interference is occurring when l =
λ/(2 sin ζ/2).

The orientation and position of all fibres were extracted from the images by
applying a second order ridge detector within the class of steerable filters Jacob
& Unser (2004), here adapted for fibre detection by Carlsson et al. (2011).

A.2.2. Small Angle X-ray Scattering, SAXS

A schematic of X-ray scattering is displayed in Fig. A.2, where an X-ray beam
is scattered by particles or molecules. The distance between the objects in
the sample determine the scattering pattern, with constructive interference
occurring when l = λ/(2 sin ζ/2). A large distance between particles, results in
a small scattering angle.

Small Angle X-ray Scattering (SAXS) was used to quantify the orientation
of the fibrils in the flow focusing devices at different downstream positions,
where the setup is illustrated in Fig. 4.1d. The anisotropy of the 2D scattering
pattern is a direct measure of the anisotropy of the orientation distribution
of the fibrils in the channel. The P03 beamline (Buffet et al. 2012; Krywka
et al. 2012) at the storage ring PETRA III, DESY in Hamburg, Germany was
used to perform the transmission SAXS measurements. The wavelength of the
X-ray beam was λ = 0.957 Å and the distance from the sample to the detector
was 8422 mm. The beamsize was 24 × 11 µm2 and a single photon-counting
detector (Pilatus 1M, Dectris) with pixel size 172× 172 µm2 was used.

A SAXS diffractogram is shown in Fig. A.3a, where the intensity scale is
logarithmic. The diffractogram is the mean of 5 images which each had an
exposure time of 40 s. The blue lines are areas where no pixels are present, it is
however possible to extract most data from other parts of the detector. The X-
ray scattering has a 180◦ symmetry in the azimuthal direction and a modified
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Figure A.3. SAXS measurements. (a) An original SAXS
diffractogram. (b) Diffractogram with mirrored pixels in or-
der to remove the spaces where no pixels are present. The
radial, q, and azimuthal, φ, directions are also displayed. (c)
The diffractogram is transformed into the radial and azimuthal
coordinates. (d) Azimuthal intensities and the mean in light
purple of all azimuthal intensities between the two black lines
in c.
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diffractogram can be produced by mirroring missing data, which is displayed
in Fig. A.3b. In order to quantify the alignment, azimuthal integrations at
constant q is used (van Gurp 1995), here Fig. A.3c shows a diffractogram
where the axis has been transformed to the scattering vector q = 4π sin(ζ/2)/λ
(where ζ is the scattering angle) and azimuthal angle, φ. The lines in Fig.
A.3d correspond to the mean of 20 consecutive columns in Fig. A.3c and the
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thick solid light purple line is the mean of all columns. These intensity curves
represent the mean orientation distributions, Ψ(φ), in that q-value range.

When the orientation distribution, Ψ(φ), is extracted from the SAXS diffrac-
tograms, a single number as quantification of the alignment is desirable. The
order parameter, S, is the most common way of defining such quantification
(van Gurp 1995), and is defined as the mean of the second Legendre polynomial,
P2, defined in Eq. A.1.

S = �P2(cosφ)� =
�
3

2
cos2 φ− 1

2

�
(A.1)

The order parameter S is defined as an integral over all orientational states:

S =

� π
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sinφ dφ
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with normalization: � π

0
Ψ(φ) sinφ dφ

� π

0
dθ = 1. (A.3)

where the coordinate system is defined in 4.1c.

A.2.3. Polarized Optical Microscopy, POM

With Polarized Optical Microscopy (POM) one can investigate geometrical
properties of 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 cos
2(∆γ + γ0), (A.4)

where, I0 is the incoming intensity, ∆γ is the angle the polarized light has
been rotated by the sample and γ0 is the angle between the two polarization
filters (Hecht 2002). Here, the filters are crossed and γ0 = 90◦. The angle the
polarization is rotated, ∆γ, is:

∆γ =
2πd

λ
∆n, (A.5)

where d is the distance that the light travels in the sample, λ is the wavelength
of the incoming light, and∆n is the difference between the two refractive indices
in the two different directions in the sample. Combining Eq. A.4 and Eq. A.5
gives:

∆n =
λ

2πd

�
cos−1

�
I

I0
− γ0

�
≈ λ

2πd

�
I

I0
, (A.6)

for small I/I0, and ∆γ << 90◦.

The order parameter, S, introduced above can also be determined with
POM following van Gurp (1995):

SPOM =
∆n

∆nmax
, (A.7)
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which means that a relative order measure is proportional to the square root
of the intensity ratio of two cases, when the depth, d, is constant:

S

Sref
=

∆n

∆nref
≈

�
I

Iref
. (A.8)

The subscript ref refers to the chosen reference case. Here, the polarization
filters are placed at an angle of 45◦ towards the flow, maximizing the birefrin-
gence signal. The full POM setup 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 im-
ages was used and a background image was subtracted before the images were
analyzed.

A.3. Filament characterisation techniques

A.3.1. Wide Angle X-ray Scattering, WAXS

Wide Angle X-ray Scattering (WAXS) was used to investigate the alignment
of cellulose chains inside the dry filaments. Moving the detector closer to the
sample (compared to SAXS) makes it possible to investigate wider angles which
are related to smaller distances inside the sample, l = 2π/q = λ/2 sin(ζ/2).
The setup was similar to the one used for the SAXS measurements, with the
differences of the sample detector distance of 90-120 mm, and different detector
(Dectris, Pilatus 300-k detector) having the pixel size 172× 172 µm2.

The orientation distribution, I(φ), is found as the azimuthal integration
taken at one of the crystal lattice peaks. In this case, the (200) peak, which
is parallel to the Cellulose I chain (Eichhorn et al. 2010), located at q = 15.8
nm−1, is the most intense peak and therefore chosen as the q-value to integrate
at. The order parameter is thereafter determined in the same manner as in the
SAXS experiments.

A.3.2. Scanning Electron Microscopy, SEM

For the scanning electron microscopy in Paper 3, a 10 nm gold-palladium layer
was sputtered (Cressington Scientific Instruments ltd, UK) onto the surface of
the filament. The imaging of the filaments was performed by using a Hitachi S-
4800 Field Emission-Scanning Electron Microscope (Hitachi, Japan) operated
in the secondary electron imaging mode at an acceleration voltage of 1 kV.

In Paper 5, a Hitachi TM-1000 (Hitachi Corp., Japan) was used to acquire
images of the dry filaments at an acceleration voltage of 15 kV.

A.3.3. Tensile testing

The tensile tests were carried out with a Deben Micro tester and a 50 N load
cell. The filaments were left in 50 % relative humidity and 298 K for 24 h, prior
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to the tensile tests, which were performed in the same environment. The span
length was 7 - 10 mm and the measurements were performed at 0.2 mm min−1.
The cross section of each filament was assumed to be circular, and determined
with a light microscope. The number of samples was three (3) for cases A and
B and two (2) for cases C and D.
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APPENDIX B

Numerical Methods

B.1. Two phase flow simulation

The motion of an isothermal fluid is quantified by its velocity distribution in
time and space, which, in turn, is accurately described by the solution of the
Navier-Stokes equations and the equation of continuity, if the fluid is seen as a
continuum and Newtonian. Here, the incompressible Navier-Stokes equations
for momentum Eq. B.1 and mass conservation Eq. B.2 are solved numerically
using COMSOL Multiphysics 4.4,

ρ

�
∂u

∂t
+ u ·∇u

�
= −∇p+ µ∇2u (B.1)

∇ · u = 0, (B.2)

which are to be solved with appropriate initial and boundary conditions. The
velocity field is represented by u, the density of the fluid is ρ, the dynamic
viscosity is η, p is the pressure and t is time. In order to treat two different
fluids the reinitialized level set method was used, see Olsson & Kreiss (2005).
A smooth level set function χ is introduced, equal to 1 in one fluid and 0 in
the other fluid. Close to the interface, the function smoothly varies from 1 to
0 and the interface is taken where χ = 0.5. The interface travels with the fluid
speed on the interface and the equation describing this is:

∂χ

∂t
+∇ · χu+ γ

��
∇

�
χ(1− χ)

∇χ

|∇χ|

��
− �∇ ·∇χ

�
= 0, (B.3)

where the thickness of the interface layer is proportional to � and the amount
of reinitialization is determined by γ. The interface parameter, �, was adjusted
along with the grid size in order to study the convergence of the simulations.
The reinitialization parameter γ was set to be equal to the maximum speed in
the simulation (small changes to this parameter did not change the solution).

B.2. Domain and validation

In order to simulate the velocity field in a flow focusing device at reasonable
computational cost, a two-dimensional axisymmetric geometry was used. The
geometry is displayed in Fig. B.1a were the left edge is the axis of symmetry.
The boundary conditions were set to be: laminar inflow at the lower and the
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Figure B.1. Domain and velocity profiles. Velocity field
(red and blue color corresponds to high and low speed respec-
tively) in a and velocity profiles at different downstream posi-
tions in b. The red line in a represents the interface between
the two fluids. Position 0 is located at the start of the cross,
and the distance between positions is 0.5h. The black full line
in b is the analytical solution to Navier-Stokes equations of a
two fluid pipe flow and the vertical dashed lines (analytical in
black and simulation in red) represent the interface between
the two phases.

z = 0

1h

2h

3h

4h

5h

a b

right inlets while a zero pressure was set at the outlet (upper edge). No-slip
was used at the other boundaries and a small curvature (radius of 10−5 m) was
implemented at the corners. The cross section of the pipe was matched to that
of the flow focusing device, resulting in a diameter, d = 2h/

√
π, where h = 1

mm. The sheath inlet was set to have the width equal to h and all mass flow
rates were matched with the experiments. The inlet length of 1.5h was seen to
be sufficient and the outlet channel was 5.5h long. The coordinate system is
defined as z in the direction of the pipe and r in the radial direction.

For a fully developed two-fluid core annular pipe flow, the Navier-Stokes
equations are possible to solve analytically, see Tritton (2005). The full black
curve in Fig. B.1b represents this solution, where the boundary between the two
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Figure B.2. Time series. Snapshots of the two fluids at
non-dimensional time, t, from one simulation, where red is
water and blue represents the CNF model liquid, with viscosity
40 times that of water.

a

t = 0.0

b

t = 0.1

c

t = 0.2

d

t = 0.3

e

t = 0.4

f

t = 0.5

g

t = 0.6

h

t = 0.7

fluids are presented as the black dashed line in the same figure. The evolution of
the velocity profiles is depicted in Fig. B.1b with each profile corresponding to
one location (z-position) in the flow focusing device. The position correspond-
ing to z = 0 is located where the sheath flow channel starts and all numbers are
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Figure B.3. Velocity simulation error. Centerline veloc-
ity at the position 3.5h from start compared with analytical
velocity profile for pipe flow. Velocity error in % versus grid
points in a and versus the level set interface parameter, �, in
b.

a

b

then the number of h:s downstream of the start of the focusing. The velocity
profile is seen to approach the analytical solution downstream of the focusing,
and the ratio between the analytical and simulated centerline velocity is used
in order to study the convergence.

The convergence of the interface in time, t, is seen in Fig. B.2a-h, where
the flow is converged before time t = 0.6. The red area represents water and
the blue is a liquid with viscosity 40 times that of water (CNF model).

By increasing the number of grid points and by decreasing the level set
interface parameter, �, the convergence was studied. In Fig. B.3a the velocity
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Figure B.4. Velocity profiles. Velocity profiles of three
different simulations at three different locations, see main text
for exact parameters. In the graph, the results from all three
simulations nearly collapse on each other and are almost in-
distinguishable.

error (1 - simulated/analytical centerline velocity) is plotted versus number of
grid points at the downstream position z = 3.5h. One color is connected to
one grid and when several dots are presented at the same grid, � is changed.
In Fig. B.3b the same dots as in Fig. B.3a are shown, but now as function of
�, the interface parameter. As the interface parameter is decreased the error
is also decreased, and the simulations which are presented in this thesis have
� = 4 µm and 262.000 grid points, which results in an error less than 1 %.

The full velocity profiles at locations z = 0h (blue), z = 1h (green) and
z = 2h (red) are displayed in Fig. B.4 for the three simulations (grid points, � in
µm, symbol): (326.000, 3, full line),(262.000, 4, dash dotted line) and (217.000,
4, dashed line). The three different cases are overlapping and indistinguishable
at each downstream position.

The error between in incoming and outgoing mass was around 0.01 % for all
grid sizes and thickness parameters tested. The mass conservation was probed
by dividing the incoming mass with the outgoing, and it is clear from Fig.
B.5 where the same simulations as in Fig. 6 are presented, that the simulation
conserved the mass well.
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APPENDIX C

Rotary Diffusion

C.1. Rotary diffusion of elongated particles

The rotational diffusion constant, D̂r, is highly dependent on the concentration
of fibrils, i.e. if the fibrils interact with other fibrils during their rotation. In
this study, the system is in a semi-dilute state, which means that mechanical,
hydrodynamical and possibly electrostatic interactions are important and the
first two has been studied analytically for rigid polymers by for example Doi &
Edwards (1986); Doi (1975); Doi & Edwards (1978). Starting from the dilute
case, the rotational diffusion constant, Dr0, was derived by Doi & Edwards
(1986) using the results from Kirkwood & Auer (1951) to assume the following
form:

Dr0 =
3kBT (2ln(2rp)− 1)

16πηsa3
. (C.1)

Here, kB is Boltzmann’s constant, T is the temperature, rp is the aspect ratio,
a is the half length of the fibril and ηs is the viscosity of the solvent. For
the semi-dilute case, the rotational diffusion constant increases due to particle-
particle interactions and, based on the tube model, the following concentration
dependent formula was derived by Doi (1975); Doi & Edwards (1978):

Dr = βDr0(nl
3)−2. (C.2)

Here, n is the number of fibrils per unit volume and β is a constant ranging
from unity to 103 that needs to be determined experimentally (Doi & Edwards
1986). The final step is to account for the orientation of the fibrils. The reason
for this is that if fibrils are aligned, they will not interact with the neighbouring
fibrils. This effect is also dealt with in Doi & Edwards (1986) and the resulting
rotational diffusion constant, D̂r, is given by:

D̂r(p) =Dr

�
4

π

�
dp�|p× p�|Ψs(p

�)

�−2

=

=Dr

�
8

� π

0

� π

0
Ψs(θ

�) sin θ� |(− cos θ sin θ� sinφ�)p̂1+

(cos θ sin θ� cosφ� − sin θ cos θ�)p̂2 + (sin θ sin θ� sinφ�)p̂3| dθ�dφ�
�−2

,

(C.3)
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where Ψs is the orientation distribution of the surrounding fibrils. Note that
the electrostatic interactions are not taken into consideration in the present
work. During the calculations the following values where used: c = 0.003,
l/2 = a = 1 µm, rp = 100, ηs = 1 mPa s, kb = 1.3× 10−23 and T = 293 K.
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Fibre streaks are observed in experiments with fibre suspensions in a turbu-
lent half channel flow. The preferential-concentration methods, most commonly
used to quantify preferential particle concentration, are in one dimension found
to be concentration dependent. Two different new streak quantification meth-
ods are evaluated, one based on Voronoi analysis and the other based on arti-
ficial particles with an assigned fixed width. The width of the particle streaks,
and a measure of the intensity of the streaks, i.e. streakiness, are sought. Both
methods are based on the auto-correlation of a signal, generated by summing
images in the direction of the streaks. Common for both methods is a severe
concentration dependency, verified in experiments keeping the flow conditions
constant while the (very dilute) concentration of fibres is altered. The fixed
width method is shown to be the most suitable method, being more robust and
less computationally expensive. By assuming the concentration dependence to
be related to random noise, an expression is derived, which is shown to make
the streak width and the streakiness independent of the concentration even
at as low concentrations as 0.05 particles per pixel column in an image. The
streakiness is obtained by applying an artificial particle width equal to 20%
of the streak width. This artificial particle width is in this study found to be
large enough to smoothen the correlation without altering the streakiness nor
the streak width. It is concluded that in order to make quantitative compar-
isons between different experiments or simulations, the evaluation has to be
performed with care and be very well documented.

1. Introduction

When introducing particles into a turbulent wall bounded flow, it is well known
that the particles tend to agglomerate into streamwise streaks close to the
walls. This has been found both in experiments, e.g. Rashidi et al. (1990);
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Fessler et al. (1994); Kulick et al. (1994); Kaftori et al. (1995a,b); Ninto &
Garcia (1996), and in simulations, e.g. Pedinotti et al. (1992); Rouson & Eaton
(2001); Narayanan et al. (2003); Marchioli et al. (2010).

In many industry processes, e.g. paper making, particle suspensions are
pumped and transported through different geometries at high speeds, resulting
in turbulent wall bounded flows. In order to understand how the particles
are influenced by the turbulent flow, it is important to obtain a quantitative
measure of the strength of the tendency for the particles to agglomerate into
streaks. This is also necessary if different experiments and simulations are to
be compared.

Even though several methods exist to investigate clustering, these methods
are not able to provide information whether particles form streaks or not.

Fessler et al. (1994) introduced the parameterD, quantifying 2-dimensional
preferential concentration, defined by comparing the measured particle density
to a random distribution:

D =
σ − σp

λ
(1)

where σ is the standard deviation of the measured particle density, σp is the
standard deviation of a random Poisson distribution and λ is the mean particle
density. D becomes positive if clusters and voids are present, negative if the
particle distribution is homogeneous and zero if the particles are randomly
distributed. The parameter D is dependent of the box size, and by finding the
box size that maximizes D, the typical cluster size can be found.

A more recent preferential concentration quantification method, based on
Voronoi analysis, was proposed by Monchaux et al. (2010). In a Voronoi anal-
ysis, each particle is assigned a cell with an area inversely proportional to the
local concentration. Comparing measured cell areas to a Poisson distribution
provides the location and character of clusters.

The preferential concentration parameter, D, will be shown to be con-
centration dependent and thus failing to provide a consistent measure of the
typical cluster size. The Voronoi analysis method displays a similar behavior.
Therefore, in order to characterize the 1-dimensional streaks, more information
is needed, emphasizing the need of a new method.

In this article, correlations in the spanwise direction, normal to the streaks,
will be used to determine (i) a streak width and (ii) an objective quantification
of the qualitative term ”streakiness” (tendency to agglomerate in streaks). This
correlation will be obtained in two ways, both of which make use of the position
of individual particles in an image. The first is based on a Voronoi analysis; the
second is a straightforward correlation similar to a sum of image intensities.
The second method is determined to be most suitable. As a result a scheme
to determine the streak width and the streakiness independent of particle size,
orientation, concentration, image size and streak width is obtained, including
a consistent way of setting the single input parameter. The dependence of:
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Figure 1. Schematic of the flow apparatus

• particle size and orientation is treated by identifying the center of gravity
of the particles in the images.

• concentration effects on the correlation is treated using the correlation
from an image with randomly placed particles.

• image size is treated by considering the finite length of the input signal
into the correlation.

• streak width is treated by normalizing the input parameter with the
streak width (iterations are needed).

2. Flow apparatus

Images of a fibre suspension in a turbulent half channel flow have been acquired.
Fig. 1 depicts the flow apparatus where the suspension is pumped from a
downstream to an upstream reservoir, allowing the suspension to flow down an
inclined glass plate. A camera is mounted underneath the glass plate acquiring
images of the fibres in the flow. A typical image is shown in Fig. 2a and
a close up of the upper left corner is displayed in 2b, showing clearly that
fibres form streaks and the individual fibres, respectively. Pumps are placed in
the upstream and downstream reservoirs in order to stir the suspension, and
prevent fibres from sedimenting in the reservoirs. The coordinate system is
defined so that the x-axis correspond to the streamwise direction, the y-axis is
in the wall normal direction and the z-axis is in the spanwise direction. The
origin is positioned on the leading edge of the glass plate with z = 0 on its
centreline.

Velocity profiles of the flow were measured with Laser Doppler Velocimetry
(LDV) at the acquisition point, upstream of the acquisition point and also at
two spanwise positions. The velocity profiles showed good agreement with DNS
data for a full channel and the flow was confirmed to be turbulent and fully
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Figure 2. Example of an image from a turbulent fibre sus-
pension flow with clear fibre streaks (a). The fibres are black,
the differences in intensity are mostly due to the focusing of
the light source, the flow is from bottom to top. A close up of
the marked area in (a) is shown in (b)

developed. More details regarding the setup and the LDV measurements can
be found in Kvick et al. (2012), where the same setup was used.

Since the flow is driven by gravity alone, the wall shear stress, τw, can be
calculated through the force balance at the wall;

τw = ρgh sinα. (2)

Here ρ represents the density of the fluid, g is the gravitational acceleration, h
is the height of the water layer on the glass plate and α is the inclination angle
of the plate. The friction Reynolds number is defined as;

Reτ =
huτ

ν
=

h
√
gh sinα

ν
, (3)

where uτ =
�
τw/ρ and ν represent the friction velocity and the kinematic

viscosity, respectively.

The suspension consists of water and cellulose acetate fibres with density
1300 kg/m3 and concentrations nl3 = 0.0007 − 0.006, where n is the number
density and l is the fibre length. For each case, 150 statistically independent
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Table 1. Table of experiments with different concentration of fibres.

Case Reτ rp c Physical conc. Artificial conc.
1 110 7 0.12 • ◦
2 110 7 0.46 � �
3 110 7 0.55 � �
4 110 7 0.75 � �
5 110 7 0.97 � �

images (1920 × 1080 pixels) are acquired, i.e. all fibres are transported out of
the field of view of the camera before the next image is taken.

The positions of the fibres in the images are obtained by the use of a
steerable filter, described in Carlsson et al. (2011). Using this filter, it is possible
to detect both fibre positions and orientations in the flow-vorticity plane. The
filter can even detect crossed fibres to a certain amount. Several layers of
fibres or fibres covering most of the image can not be identified by this filter.
This is one of the reasons why the experiment has to be performed at low
concentrations of fibres in the suspension. With index of refraction matching
methods (where a only a fraction of the actual particles are visible), higher
particle concentrations can be reached. However, the concentration of visible
particles would still be limited, since the detection is dependent of the resolution
of the camera and the size of the particles.

To evaluate the different analysis methods, the experiments are performed
using constant Reτ and aspect ratio, but different fibre concentrations. This is
referred to as physical concentration in this study. An artificial concentration
variation is also used, by detecting and identifying all fibres in the images, and
randomly excluding fibres during post processing. If the streaks are assumed to
be the result of a flow driven clustering process, aspects such as streakiness and
streak width will be independent of concentration. Consequently, streakiness
and streak width must not vary if fibres are randomly removed.

Firstly, five experiments at Reτ = 110, with fibres of aspect ratio rp = 7
and varying fibre concentration will be considered. The particle (fibre) concen-
tration, c, are measured in particles (fibres) per column of pixels in the image.
The specifications for the five cases are displayed in table 1. Case 3, where clear
streaks are observed, will be used as an example to illustrate differences in the
two new analysis methods. Thereafter quantitative results from five other cases
(Reτ = 51− 178) will be shown in order to highlight differences in streakiness.
Finally the experiments with different concentration will be considered.
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Figure 3. The preferential concentration parameter, D, ver-
sus box size in pixels

3. Existing preferential concentration methods

3.1. Preferential concentration parameter, D

The preferential concentration parameter, D, defined in Eq. 1, is in this 1-
dimensional case calculated using columns of pixels in the direction of the
streaks instead of boxes. The width of the columns are varied and the resulting
values of D are displayed in Fig. 3. Fig. 3 shows cases 1-5 where only the
concentration has been varied, 0.12 < c < 0.97 particles per column. It can
be concluded that D is concentration dependent, and the jagged appearance of
the curves makes it difficult to determine what a typical streak size would be.
In this kind of flow the streaks are expected to appear at random streamwise
positions, but having a similar size (width), as the case for low and high velocity
streaks in e.g. Lagraa et al. (2004).

3.2. Voronoi analysis in 1D

A newly introduced method for measuring preferential concentration in 2 and
3 dimensions is based on Voronoi tessellation and results in a measure of the
clustering and a measure of the cluster size, see e.g. Monchaux et al. (2010);
Tagawa et al. (2012). By locating particles and determining the distance to the
closest neighbors it is possible to determine if particles are located in clusters
or not. A cluster is a region where the local particle density is high.

The streaks observed in the above described experiments are 1-dimensional
structures. When the particles are identified, their positions can be projected
on the z-axis and the centre points right in between neighbouring particles
can be determined. A distance, d, can then be assigned to each particle as
the distance between its nearest centre point. These distances are the 1D
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Figure 4. Probability density functions (p.d.f.) for normal-
ized distances between particles, d/d̄, at c = 0.55 and c = 0.12
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equivalent, to the Voronoi areas in 2D. Probability density functions (p.d.f.)
of distances between particles, d, at Reτ = 110 and concentrations c = 0.55
and c = 0.12 are displayed in Fig. 4a and Fig. 4b, where the distributions are
normalized by the mean distance, d̄. The distribution of a random Poisson
process is also plotted in Fig. 4a-b (dashed line) as well as the distribution
for randomly placed particles at the same concentration as the experiment
(solid line). The Poisson distribution is used to determine wether the particles
are in clusters or not. The randomly placed particles are used to quantify
clustering. At the particle density of c = 0.55, the resolution of the images is
too low. Hence, the distance d = 0 is dominating and the distribution seen in
Fig. 4a, consist only of the jagged tail. The highest concentration for which
the distributions are smooth, is for this experimental setup determined to be
c = 0.2.

The only experimental case with the concentration lower than c = 0.2 is the
lowest concentration case c = 0.12. However, by artificially removing particles
from images, lower concentrations can be reached and thus the analysis can be
performed for all cases with removed particles.

The first measure from the analysis is a measure of preferential concentra-
tion. Monchaux et al. (2010); Tagawa et al. (2012), proposed that the standard
deviation of the measured distribution, σ should be compared to the standard
deviation a random distribution, σr. A higher ratio of σ/σr is interpreted as
a higher preferential concentration, it was noted by Tagawa et al. (2012) that
this measure was dependent on number of particles. The 1-dimensional results
are shown in Fig. 4c, and also here a dependency of number of particles is
observed.

The second result from the Voronoi analysis is the mean cluster width, wc,
(area in the 2-dimensional case), introduced by Monchaux et al. (2010). The
cluster width, wc, is determined by collecting all connected particles classified
as clustered and calculating the width of that cluster. The mean of the resulting
cluster width distribution is seen in Fig. 4d.

Due to the concentration dependency of both the preferential parameter,
D, discussed in the previous section, and the Voronoi based measures, an im-
provement of either method must be performed, or a new approach needs to
be developed. The latter is pursued in this study.

4. New methods

4.1. Correlation based analysis

The analysis methods presented in this paper are based on auto-correlating a
signal obtained from an image, and use the correlation curves to quantify the
streaks. The signal with zero mean is denoted I and the auto-correlation of
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the signal, RII , is defined as:

R̂II(∆z) =

�
I(z +∆z)I(z)dz, RII =

R̂II

max R̂II

. (4)

The symbols R̂ and R are always used to denote the raw and normalised auto-
correlation, respectively. The indices will vary. The signal used in the corre-
lations are obtained in different manners by the two different new methods.
However, the basic idea is the same: summing intensities in the direction along
the streaks. For this idea to be valid, the particle streaks should be oriented
in the summation direction (streamwise in this case) and the image needs to
cover a sufficient region in the direction of the streaks, in order for the streaks
to be detected. A straightforward way of obtaining the signal is to sum the
intensities of the raw images in the streaky direction. This is similar to stan-
dard investigations of high and low velocity streaks in turbulent or transitional
boundary layers, see e.g. Lagraa et al. (2004) or Fransson & Alfredsson (2003).
In this way, information regarding the sizes and strengths of the velocity struc-
tures can be extracted fairly easy. The most important difference from the
velocity investigation is that the velocities can be sampled in time until the
signal have converged, while in the present case the signal is limited by the
number of particles in one image.

However, using raw images as input into the analysis, several problems
arises. One is the effect of differences in light intensities in the image. Another
important aspect is the influence of the particle orientation in case of non-
spherical particles. The signal will have a very different appearance depending
on if the particles are oriented in the summing direction or perpendicular to
it. To be able to assess these problems, it is necessary to use only the particle
positions, and thereby reducing the number of non-controllable parameters.

The position and orientation of each particle are found in a first post pro-
cessing step as mentioned earlier. With the positions known, the control over
the input into the analysis is very high and comparable to the data from La-
grangian simulations.

4.2. Correlations based on Voronoi analysis

In order to obtain an analysis method independent of particle width and orien-
tation, a Voronoi tessellation is applied to the particle positions. In a Voronoi
diagram, the image is divided into an unstructured grid with one particle in
each cell. The size and shape of each cell is determined by the surrounding
particles. Particles located in regions with high local concentration has small
cell areas and particles in regions were the concentration is lower has larger cell
areas.

Thresholding the distribution of cell areas makes it possible to control the
cells that are to be regarded as clustered and located in streaks, corresponding
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Figure 5. Voronoi map of the image in Fig. 2 with threshold
(a) 20%, (b) 50% and (c) 80%, considered clustered with a
high local density and here colored black, the resulting signal
for each image is colored white. (d) RV V for the complete set.
The percentages in the legend corresponds to the part of the
images considered to belong to streaky regions, and therefore
contributing to the signal
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to small areas. Assigning a value, e.g. 1, to the small areas and summing the
image in the streamwise direction results in a signal that can be auto-correlated.

Fig. 5a–5c shows different thresholds for a Voronoi diagram based on Fig.
2, together with the resulting signals. In Figs. 5a–5c, 20%, 50% and 80% of
the total image area is regarded as clustered cells, respectively. The clustered
cells are colored black (value 1), and a summation of the images in the streaky
direction (vertical) results in the signals displayed in white.

The signals are auto-correlated and the mean of the auto-correlations for all
150 images in the measurement set is displayed in Fig. 5d. The Voronoi based
correlations, denoted RV V , vary for different thresholds but display a lowest
minimum for a threshold close to 50%. 50% is used as the threshold value in
the rest of this paper. There are other options to threshold, for example, using
the deviation of a random distribution of cell areas as the threshold, see e.g.
Monchaux et al. (2010). Due to the low concentrations used in the present
study, this threshold was inconsistent. The important thing to note is that a
threshold needs to be chosen, and to find another criterion is out of the scope
of this paper. Another constant percentage, for example 40% or 60% could
have been chosen but will show a similar concentration dependence as shown
below.

4.3. Correlations based on a fixed width

The second method uses the positions of the physical particles to construct
images with artificial particles.

In order to smoothen the signal, the width, w, of the artificial particles is
fixed to a value larger than one pixel. In Fig. 6a - 6c, three choices of particle
widths are shown, based on the image in Fig 2. The sums of these artificial
images are shown in black and, as is evident, the particle width influences the
signal. Furthermore, as can be seen in Fig. 6d showing the correlation Rff for
the different particle widths, the choice of particle width plays an important
role for the resulting correlation and must not be greater than the streak width.
A particle width larger than the streak width results in that the small peaks
are filtered out. In Fig. 6d it is noted that the correlations first zero crossing
does not change significantly until the particle fixed width exceeds 41 pixels.

4.4. Determination of streak width, 2∆z(RII = 0), and streakiness, Ξ(RII),
from correlations

The streak width is in this study determined as the displacement at which
the minimum correlation occurs. However, this point is never well defined.
Therefore the first zero-crossing, that can be interpolated, is taken as the streak
half width, ∆z(RII = 0), where RII = 0 implies the first position at which
the correlation is zero. The same approach was used for velocity streaks by
Fransson & Alfredsson (2003) and shown to be consistent.
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Figure 6. Determination of horizontal correlation using par-
ticle position from the image in Fig. 2. (a) Image with fixed
particle width w = 3 pixel and vertical sum of this figure,
(b) image with fixed particle width w = 21 pixels and ver-
tical sum of this figure, (c) image with fixed particle width
w = 101 pixels and vertical sum of this figure, (d) correlations
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Figure 7. Comparison of the Voronoi based correlation,
RV V , and the fixed width based correlation, Rff , where the
fixed width has been set to 21 pixels and the threshold in the
Voronoi analysis to 50%

The minimum value of the correlation is a measure of how coherent the
particle structures are, i.e. a measure of the strength of the streaks. The
streakiness is from here on defined as Ξ(RII) = |min(RII)|. A lower negative
minimum value of the correlation implies higher or stronger streakiness. In
other words, the particle structures in the flow are more coherent.

5. Results and Discussion

5.1. Fixed width vs. Voronoi based correlation

In Fig. 7, the correlation of the Voronoi based analysis with a threshold of 50%
is depicted together with the correlation using the fixed width method with a
particle width of 21 pixels. It can be seen that the Voronoi based method gives
a lower minimum and is shifted to the right. The reason for the shift of the
correlation curve will be shown to be due to the concentration dependency. An
evaluation of the concentration dependency of both methods, and a solution in
order to obtain the streakiness and streak width independent of concentration
is described below.

5.2. Effect of number of particles

5.2a. Streakiness, Ξ(RII). The number of particles in each image (concentra-
tion) affects the analysis independently of the method used. Since experimental
images will have a fairly low concentration (even if index-of-refraction has been
used and the actual concentration is quite high), the method needs to be able
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Figure 8. Streakiness as a function of concentration using (a)
experimental and (b) artificial variation. In (b) several cases
corresponding to different Reynolds numbers and concentra-
tions are shown, (⊗, ∗,⊕,�,�) is the original concentration
and (◦,×,+, �,�) are the artificial variations. Each symbol
pair belongs to one experimental case. The fixed width method
was used in both (a) and (b)

to handle low concentrations. In order to investigate how the concentration af-
fects the outcome of the different analysis methods, experiments with different
concentrations of particles in the suspension were performed, while the flow
conditions were kept constant.

The other way of changing the concentration is random removal of particles
from the pictures during post processing. In Fig. 8a and 8b, the streakiness,
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Ξ(Rff ), versus the number of particles per pixel column, c, are shown, using
the fixed width method. The column width is here kept constant (one pixel),
which is different from when D was determined. Fig. 8a depicts results from a
physical concentration variation at Reτ = 110, case 1-5 in table 1. In Fig. 8b
the artificial concentration variations for five different flow cases are displayed,
where the symbols (⊗, ∗,⊕,�,�) represent the original measurements and the
symbols (◦,×,+, �,�) represent the artificial variations of concentration. The
corresponding Reynolds numbers for the five different flow cases are Reτ =
51, 178, 167, 71 and 88. The different experiments have different concentrations
and different streakiness.

In Fig. 9a the Voronoi based method is used and both physical, (•,�,�
,�,�), and artificial, (◦,�, �, �,�), concentration variations are performed.
These concentration variations are performed at a constant Reynolds number,
Reτ = 110. The similarity between the two different concentration variations
using the Voronoi method is poor. In Fig. 9b it is shown that by excluding
particles in the post processing it is possible to recreate the behavior observed in
the experiments using the fixed width method. Note that a naive interpretation
of the data in Fig. 8a is that the streakiness varies with concentration, whereas
Fig. 9b shows that this variation is an artifact of the evaluation. In section 5.3,
corrections for this artifacts are derived and demonstrated to give a consistent
quantification of the streakiness.

5.2b. Streak width, 2∆z(RII = 0). Fig. 10 shows both physical (•,�,�,�,�)
and artificial (◦,�, �, �,�) concentration variations of the streak half width in
pixels. The Voronoi based method and the fixed with method are displayed in
Fig. 10a and 10b, respectively. The fixed width method has a stable streak
width for concentrations greater than ∼ 0.1 particles per column. The Voronoi
method on the other hand display a significant variation in streak width, ex-
plaining the shift of the Voronoi correlation curve as shown in 7. The behavior
of the Voronoi analysis is logic; less particles leads to a larger average cell size,
resulting in a larger streak width.

5.3. Obtaining a consistent measure

When comparing the two methods, three major advantages can be found for
the fixed width method: (i) the streak width is independent of the concen-
tration, (ii) the collapse of the physical and artificial concentration variation is
better and (iii) it is computationally cheaper as compared to the Voronoi based
method. Due to the above mentioned advantages, the fixed width method is
the approach that will be considered and improved so that consistent measures
are obtained. The aspects that needs to be taken into account are the concen-
tration and the artificial particle width, w. The latter needs to be considered
in relation to the actual streak width why an iteration will be needed in order
to find w.
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Figure 9. Scaling of streakiness for different number of par-
ticles, both physical (•,�,�,�,�) and artificial (◦,�, �, �,�)
concentration variations, (a) using Voronoi based correlation
and (b) using fixed width correlation

In order to determine the relative streakiness, the particles are first located
and given a width, the image is summed in the streak direction to obtain the
signal. Thereafter, the auto-correlation is computed using the resulting signal.
If the concentration between the measurements is not constant, this needs to
be taken into account. Note that this implies that the procedure below has to
be applied before concentration effects of streakiness are deduced.
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Figure 10. Streak width for different number of particles,
both physical (•,�,�,�,�) and artificial (◦,�, �, �,�) con-
centration variations, (a) using Voronoi based correlation and
(b) using fixed width correlation

5.3a. Concentration. The concentration dependence is reduced by first assum-
ing that the signal, I = f(z, c), consists of a true signal, g(z, c), and a pertur-
bation, g�(z, c), both dependent on the concentration, c ∈ [0,∞], as:

f(z, c) = g(z, c) + g�(z, c). (5)

The auto-correlation R̂ff (∆z, c) can be split into three parts:

R̂ff (∆z, c) =

= R̂gg(∆z, c) + R̂gg�(∆z, c) + R̂g�g�(∆z, c),
(6)
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Figure 11. (a) Streakiness and (b) streak widths for different
number of particles, both physical (•,�,�,�,�) and artificial
(◦,�, �, �,�) concentration variations, from the true correla-
tion Rgg (Eq. (7)). Note that the vertical axis limits are the
same as in Fig. 9 and Fig. 10

where the correlations are not yet normalized. If the perturbation, g�, and
the true signal, g, are independent of each other the correlation R̂gg� will be

zero, which is assumed from here on. The last term, R̂g�g� , will be taken as
the auto-correlation of a random image with concentration, c, and artificial
particle width, w. This correlation can be computed by placing particles at
random positions, thus producing an artificial signal where the parameters c
and w have been chosen to match the ones used for the experimental images.
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When R̂gg� is set to zero, and c and w are known, a perturbation-corrected
correlation is obtained from Eq. (6) as:

Rgg =
R̂ff − R̂g�g�

max(R̂ff − R̂g�g�)
, (7)

where the last step is to normalize the correlation.

The streakiness and the streak width extracted from the true correlation
Rgg, in turn calculated from Eq. (7) are shown in Figs. 11a and 11b, respec-
tively. As before, (•,�,�,�,�) represents physically varied concentration and
(◦,�, �, �,�) represents artificially varied concentrations. In Fig. 11a, the ap-
parent concentration dependency of the streakiness in cases 1-5 from Fig. 8a
is cancelled for concentrations greater than ∼ 0.05 particles per column. Re-
garding the streak width, the concentration dependency is reduced even more.
Note that, for concentrations lower than 0.05 the assumption that g and g� are
independent may not be true.

5.3b. Artificial particle size w. The correction in Eq. (7) removes the concen-
tration dependence for c > 0.05 particles per column. The solely free parameter
is the artificial particle width. Fig. 12 depicts how (a) the streakiness and (b)
the streak width vary with the artificial particle width for case 1. It is clear
that both of these sought quantities depend on w. The streak width increases
with increasing w, while the streakiness on the other hand, first assumes a
minimum and then a maximum as w increases. It should be noted that the
maximum occurs at a particle width much larger compared to the streak width
and is therefore disregarded.

In Fig. 13 a close up of the correlation minima for w = 3, 5, 7, 11, 15, 17, 21,
25 pixels are displayed, corresponding to the eight lowest w-values in Fig. 12a
and 12b. As w increases the correlation is seen to become smoother, explaining
the minimum in Fig. 12a. As low value as possible for w is wanted, but the
correlation must be smooth enough to have a well defined minimum in Fig. 13.
How to chose w is described in section 5.3d.

5.3c. Streakiness dependence on streak width. Since the positions of all parti-
cles are known it is easy to test the dependency of streakiness on streak width.
When the streak width is artificially changed by multiplying all particle posi-
tions with a constant, the effect on the streakiness can be observed. Preferably
the streakiness would be constant. Fig. 14 displays three different cases, first
the original case (�), and also two cases where the positions of all particles
have been multiplied by the factors 1.5 (∗) and 2 (×). The image size is kept
constant. When w is normalized with the streak width, 2∆z(Rgg = 0), the
curves collapse, see 14a.

The image finite size finally also needs to be accounted for, due to the
loss in information in the auto-correlation. The correlations in Fig. 14 are



106 K. H̊akansson et al.

0 50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

w

!
(R

g
g)

(a)

0 50 100 150 200
30

35

40

45

50

55

60

65

70

75

80

w

!
z
(R

g
g
=

0
)

(b)

Figure 12. Streakiness (a) and streak widths (b) for different
artificial particle width, w. The concentration 0.1 particles per
column is used

therefore normalized with (1 − ∆z/image size), and so are all results from
here on. This step makes the method independent of image size, Isermann &
Münchhof (2011).

The information from this section shows that it is possible to compare the
streakiness qualitatively between two different experiments if the same value
of w/2∆z(Rgg = 0) is used, and the image size is taken into account through
the normalization above.
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Figure 13. Close up off the correlation minima for different
w for the same case as in Fig. 12

5.3d. Streakiness at w/2∆z(Rgg = 0) = 0.2, Ξ(Rgg)0.2. The final streakiness
values, Ξ(Rgg), and streak widths, ∆z(Rgg = 0), are plotted against the artifi-
cial particle width normalized by the streak width in Fig. 15. The concentra-
tions shown are 0.1 and 0.2 particles per column for the five cases, (◦,�, �, �,�),
except for the lowest concentration case that has a physical concentration of
only 0.12 particles per column. The spread of Ξ(Rgg), due to jagged correla-
tions at small w/2∆z(Rgg = 0), for the lowest concentration (◦), is the reason
for why we in this study propose the streakiness to be taken as the value at
w/2∆z(Rgg = 0) = 0.2. A subscript is introduced to the streakiness notation,
Ξ(Rgg)0.2, in order to indicate which relative particle width that is used. By
iteratively varying w and finding the streak width, the value of w which corre-
sponds to w/2∆z(Rgg = 0) = 0.2 can be found. At Ξ(Rgg)0.2 both streakiness
and streak width starts to increase, but the deviations up to this point are
small.

6. Conclusions

A method that provides consistent measures of streakiness and streak width in
particle images from different flow situations has been developed and verified.
The final method is independent of particle concentration, image size and streak
width as well as the parameters of the method itself.

First, two particle streak analysis methods have been compared and evalu-
ated. The two methods were based on particle positions, summation of images
and a following correlation. The streak width and the streakiness were sought.
The streak half width, ∆z, was taken as the first zero-crossing of the correla-
tion and the streakiness, Ξ(RII) = |min(RII)|. The first method was based on
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Figure 14. Streakiness (a) and streak widths (b) for different
streak widths, a collapse of the curves is seen when plotted
against w/2∆z(Rgg = 0) in (a). Original streak width, (�), all
particle positions multiplied by 1.5, (∗) and 2, (×). The image
size is kept constant and two concentrations are used (0.1 and
0.2 particles per column)

Voronoi analysis and the second on artificial particles with an assigned fixed
width. Both methods were shown to possess a severe concentration dependence.

However, the streak width was shown to be constant at concentrations
greater than ∼ 0.1 particles per column for the fixed width method. The
fixed width method was improved and an expression was derived to account
for the concentration dependence of the streakiness. The derivation was based
on the assumption that a random image significantly contributes to the total
correlation at low concentrations. After this correction, the streakiness was
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Figure 15. Streakiness (a) and streak widths (b) for different
artificial particle width, w. Cases 1-5 with two concentrations,
0.1 and 0.2 particles per column, each are displayed
(◦,�, �, �,�)

shown to be independent of concentrations higher than ∼ 0.05 particles per
column. Furthermore, scaling the artificial particle width with the streak width
made the streakiness independent of streak width. Therefore, and because
of the need to smoothen the correlation, it is proposed to set the artificial
particle width to 20% of the streak width, denoted Ξ(Rgg)0.2. This results in
a resolution criteria of minimum five pixels per streak period.
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The behaviour of fibres in a wall bounded turbulent shear flow is investigated.
Understanding and modelling of fibre suspension flow is necessary for improve-
ments in many applications, e.g. papermaking. Experimental data covering
wide parameter spaces is an important ingredient in this effort. As a means
to address this need a dilute fibre suspension flowing down an inclined glass
plate is studied. Images of the fibres in the flow are acquired from beneath the
glass plate and the images are analysed using a steerable filter, providing the
position and orientation of the fibres. Both fibre orientation distributions and
spatial distributions are investigated. It is found that the aspect ratio of the
fibres plays an important role in the overall fibre orientation distribution, while
other effects such as turbulence, concentration and wall interactions are of sec-
ondary importance. Short fibres were found to orient normal to the flow, while
longer fibres aligned in the flow direction. Moreover, the fibres agglomerated
into streamwise streaks, with widths slightly larger than the width of the low
velocity streaks.

1. Introduction

There are many reasons for studying the behaviour of elongated particles in
flows. The motivation comes from both engineering (e.g. biomaterial transport,
separation and processing) and geophysical flows (e.g. sediment transport and
atmospheric aerosols). Here, the behaviour of fibres in turbulent channel flow
is studied. The direct motivation lies in the fact that it is now possible to
simulate a large number of fibres in turbulent flow with different methods and
in order to validate these methods, experimental data is needed.

Turbulent channel flow has proven to be an excellent platform for extract-
ing knowledge from direct numerical simulations ever since it was first simu-
lated directly by Kim et al. (1987). With a direct simulation, we mean that
the governing equations are solved in time without any approximations. The
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strength of channel flow is that it is a flow case that is fairly straightforward
to model with efficient numerical methods while also being possible to realise
in physical experiments with good accuracy. The number of easily accessible
scientific works considering different aspects of turbulent channel flow seems to
be more than 15000; we will not make any attempt to review this vast litera-
ture. Instead, we focus on recent studies that has inspired this work and works
on the phenomena that are at play in the channel: shear, turbulence, gravity
and the wall boundary condition.

Turbulent channel flows in which fibres are contained can be simulated by
different means. It could be argued that the most mature approach is point-
particle fibres tracked in a direct numerical simulation of the fluid (Zhang et al.
2001; Marchioli et al. 2010; Mortensen et al. 2008). The particles are then as-
sumed to be infinitesimally small. The forces and torques on each particle is
in each time step calculated from the local velocity gradient assuming Stokes
flow (Stokes 1856; Jeffery 1922) and coupled with the translational and rota-
tional equations of motion of the particle. This makes it possible to calculate
the translational motion and rotation of the particles in the flow field. The
forces (and torques) on the particle can also be coupled back to the flow (An-
dersson et al. 2012). Parameters that can be varied are fibre aspect ratio and
fibre inertia. Detected effects are fibre redistribution due to the turbulence
(accumulation in low speed streaks) and fibre orientation (tendency of heavy
particles to align with the flow).

If the fibres are assumed to have a finite size, the problem gets more compli-
cated since the assumption of Stokes flow around the particle is note necessarily
valid. One must then either calculate forces and torques for a large number
of particle and flow configurations a priori and then use this data in a look-up
table when simulating the particle motion. The look-up table approach has suc-
cessfully been used for spheres (Jadoon & Revstedt 2010). However, when non-
spherical particles are studied, the parameter space grows since the orientation
and rotational velocities of the particle must be taken into account. Thus, no
complete look-up table has been produced yet. Nevertheless, van Wachem et al.
(2013) used a look-up table restricted to steady differently oriented particles in
constant flow, together with models for particle-wall interaction and particle-
particle interactions. The results showed that slight differences in particle-wall
interaction can cause major differences in fibre distribution.

Using the Lattice Boltzmann Method together with External Boundary
Forcing, Do-Quang et al. (2014) performed a full simulation of finite sized
particles in a turbulent channel flow. The fibres were near buoyant, i.e. had a
density close to the fluid. The fibres tended to assemble in high speed streaks
and longer fibres (more slender) showed an increased tendency to align in the
flow direction.
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It is worth noticing that in spite of the ever increasing computational capac-
ity, all studies above have been forced to make severe simplifications or restric-
tions regarding fluid-particle interaction, particle-particle interaction, particle-
wall interaction and presence of gravity. Nevertheless, it has been demonstrated
that turbulent channel flow of fibre suspensions provides a well defined test case
where the importance of different aspects can be studied.

It could be argued that the major aspects of this flow case are the be-
haviour of the turbulent flow as such, sedimentation of particles, particles in
turbulence, particles in shear, particle-wall interaction and particle-particle in-
teraction. The present experiments involve all these aspects and will therefore
be introduced briefly. It is believed that the influence of each aspect will differ
depending on the controlling parameters (a dimensional analysis of the problem
is presented in section 3).

A sedimenting fibre suspension is subjected to an instability that produces
risers and streamers, i.e. regions of upwards and downwards flowing fluid, re-
spectively. The fibres tend to assemble in the streamers (the increased fibre
concentration actually drives the streamer) (Koch & Shaqfeh 1989; Saintillan
et al. 2005; Gustavsson & Tornberg 2009; Zhang et al. 2013).

The fibres are also influenced by the presence of the wall. Experiments in
a very viscous laminar flow (Carlsson et al. 2007; Holm & Söderberg 2007) has
demonstrated that fibres can either ”pole-vault” (Stover & Cohen 1990), i.e.
remain aligned in the flow direction, rotate and be pushed out from the wall at
each rotation or turn and sink so that their orientation is normal to the flow
direction.

These effects are complemented by the effects of the wall normal velocity
gradient. It is well known that elongated particles in shear show a wide variety
of motions controlled by fluid and particle inertia. In viscous flow (where no
inertia acts), a particle will rotate in a Jeffery orbit (Jeffery 1922) which are
either tumbling, kayaking or log-rolling. As fluid and/or particle inertia is
increased, some of these orbits becomes unstable and develop into attractors
(Subramanian & Koch 2006; Einarsson et al. 2014; Lundell & Carlsson 2010).
As the effects of inertia increases even more, new attractors can appear and
the dynamics gets even more involved (Aidun et al. 1998; Rosén et al. 2014b).

Furthermore, fibres or elongated particles in homogeneous turbulence pro-
vides an interesting flow case of its own. Recent experiments show that fibres
tend to rotate around their longest axis and that the interactions between fi-
bres and turbulent eddies depends on the relative orientation between fibres
and vorticity (Bellani et al. 2012; Parsa et al. 2012).

The present work provides an extensive study of the orientation and distri-
bution of fibres in turbulent channel flow. The fibres are slightly heavier than
the fluid (density ratio 1.3) and all parameters but the density ratio and the
fibre diameter are varied. Data is obtained by analysis of images of the fibres
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Figure 1. Schematic of the experimental setup, the length of
the glass plate is approximately 2 m and the width 0.6 m.

in the flow. In this flow case, it is noted that fibre aspect ratio seems to control
the orientation and turbulence seems to control the fibre distribution.

This introduction is followed by section 2 where the flow apparatus, the
fibres, image acquisition and image analysis are described. Section 3 details the
physical parameters controlling the flow and introduces the six non-dimensional
groups that we have chosen as the minimum necessary to describe this flow case.
Quantified data on orientation distributions, fibre orientation anisotropy and
fibre streaks are presented in section 4 and some aspects are discussed in section
5. Finally, the conclusions are summarised in section 6.

2. Method

2.1. Flow apparatus and fibre suspension

The experiments were performed at the KTH water-table seen in Fig. 1. The
flow loop consists of a pump, an upper reservoir, the measurement section,
a lower reservoir and piping connecting the reservoirs with the pump. In the
measurement section, a liquid or suspension is allowed to flow down an inclined
glass plate (2 m × 0.6 m with vertical glass side walls), where the flow is driven
by gravity alone. A valve right after the pump adjusted the flow rate in the
loop. The thickness of the fluid layer on the glass plate was in the range 0.5–
2 cm and the surface velocity was typically 0.2 m/s. Small submersible pumps
were positioned in the basins for stirring. The coordinate system (x, y, z) is
defined as depicted in Fig. 1, where x = 0 is the start of the glass plate, y = 0
at the wall (glass plate) and z = 0 is located in the centre of the channel. The
velocity components are (u, v, w).

The flow down the glass plate is an approximation of a half channel flow.
The viscosity ratio between the air and the liquid is several orders of magnitude,
thus, the velocity gradient in the liquid or suspension at the free surface is very
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small, as it is on the centreline in a channel flow. The flow conditions are
controlled by adjusting the inclination of the glass plate to the horizontal α
and/or the height of the liquid or suspension layer h. Since the flow is driven
by gravity alone, the wall shear stress, τw, can be calculated from first principles
by considering a force balance between the liquid layer and the wall Acheson
(1995). The wall shear stress is found to be:

τw = ρfgh sinα, (1)

where ρf is the density of the liquid (fluid) and g is the gravitational accelera-
tion. The friction velocity uτ is obtained as:

uτ =
�

τw
ρf

(2)

and the friction Reynolds number Reτ :

Reτ =
uτh

ν
(3)

where ν is the kinematic viscosity of the liquid.

The flow conditions were verified by comparing Laser Doppler Velocime-
try (LDV) velocity measurements in pure water with hollow glass spheres
(d = 20µm) as tracer particles with a Direct Numerical Simulation (DNS)
of turbulent channel flow. Mean streamwise velocity and rms-profiles mea-
sured at Reτ = 88 are seen in Fig 2a and Fig 2b, respectively. The velocity is
normalized with uτ : u+ = u/uτ and the vertical coordinate with the viscous
length scale l+ = ν/uτ : y+ = y/l+. Measurements were performed at four
positions. These positions were chosen as the standard position where fibres
were visualised, one position upstream and one position on each side of this
position: (x, z) = (1100, 0) mm, (800, 0) mm and (1100,±200) mm. All profiles
are seen to collapse and when compared to DNS at Reτ = 80, Tsukahara et al.
(2005), a good agreement is observed. The degree to which the fibres effect the
flow has not been investigated.

Tap water was used as liquid in all experiments. The particles were rigid
cellulose acetate fibres with the density ρp = 1300 kg/m3, diameter dp =
72 µm and three different lengths lp = 0.5, 1, 2 mm. The resulting aspect
ratios rp = lp/dp are 7, 14 and 28. The fibres were died black and used in
mono-disperse suspensions. The concentration by weight was in the range
c = 0.00042 − 0.0033%. One series of measurement was performed with Poly-
Ethylene-Oxide (PEO), a polymer with a molecular weight of approx. 4 · 106
(commercial name PEG 90M) mixed with the water at a concentration of 40
ppm.

In order to ensure that the data mirrors the actual conditions, the concen-
tration of each case is determined based on the number of fibres actually present
(this number is obtained from the image analysis, see below). The number of
fibres on the inclined plate could be both higher and lower than what could be
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Figure 2. Velocity statistics measured by LDV at (∗):(x, z) =
(1100, 0) mm, (•): (x,z) = (1100, 200) mm, (�): (x,z) = (1100,
-200) mm and (+): (x,z) = (800, 0) mm at Reτ=88. The ex-
perimental data is compared with data from a full channel flow
DNS at Reτ = 88 by Tsukahara et al. (2005). a) Streamwise
mean velocity profiles. b) Streamwise velocity fluctuations.

expected based on the mean concentration in the suspension. The reason for
this is that fibres could accumulate on the inclined plate and/or in other parts
of the flow loop (upstream and downstream reservoirs and connectors).

It is important to note that the fibres are considerably heavier than the
water. Therefore, the fibres sedimented towards the wall and most of the fibres
appeared in a thin layer close to the wall.
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z

x

Figure 3. Typical image acquired during experiment. The
flow is in the positive x-direction. The black fibres can clearly
be seen in the flow. The image has the physical dimensions
∆x = 5 cm and ∆z = 10 cm.

2.2. Image acquisition and fibre detection

Images of the fibres in the turbulent flow were acquired by a camera (Basler
piA1900-32gm) together with a flash, which was placed underneath the glass
plate (see Fig. 1). The imaged area was 50 × 100 mm in the streamwise and
spanwise directions, respectively. For standard acquisition, the camera and
flash was mounted 1100 mm downstream of the start of the channel. In order
to study the streamwise development of the fibre orientation, images were also
acquired at x = 700, 800, 900, 1300 and 1500 mm.

The depth of field of the camera was always larger than the thickness of
the water layer, hence, all fibres were in focus at all times. A typical image is
shown in Fig. 3, where the fibres are seen as short black, straight lines. The
intensity variations in the background are due to surface waves. In order to
ensure statistically independent data, the time between images were chosen so
that at least 95% of the fibres left the image before the next image was taken.
The actual time between images was 3 s.

The two quantities determined from the images are the orientation in the
plane parallel to the wall, β, (β = 0 in the flow direction), and the position in
the streamwise-spanwise plane (x − z) of the each fibre. The orientation and
position of all fibres are extracted from the images using a second order ridge
detector within the class of steerable filters (Jacob & Unser 2004), adapted
for fibre detection, see Carlsson et al. (2011) for a detailed description and
evaluation. The method detects fibre orientation with an accuracy of less than
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z

t

Figure 4. Temporal visualization of the fibre streaks, where
each row corresponds to an image, such as Fig. 3, summed in
the streamwise direction, ∆z = 10 cm and the total time lapse
∆t = 7.7 s.

1◦ for moderate levels of noise. At high concentrations, where individual fibres
are hard to identify also for the eye, the method may fail. The actual limitations
of the method in terms of concentration depend on image quality and aspect
ratio of the particles. The ability of the method has to be determined by
manual inspection of sample images for each case. No problems occurred when
analysing the images from the present experiments.

Each image contains between 200–3000 fibres and for each case, 150 images
were captured. Thus, the data for each case is based on 30,000–450,000 fibres.

2.3. Anisotropy, streakiness and clustering

The orientation distributions, Ψ(β), are used to calculate an anisotropy mea-
sure, A, based on the second order orientation tensor, a2, (Advani & Tucker
III 1987). In order to find the anisotropy, each fibre is associated with a unit
vector in the plane of the image, p = (cosβ, sinβ). The second order orienta-
tion tensor is defined as a2 = aij = pipj , and in this 2-dimensional case each
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component takes the form:

a11 =

�
Ψ(β) cos2 βdβ

a12 = a21 =

�
Ψ(β) cosβsinβdβ (4)

a22 =

�
Ψ(β) sin2 βdβ.

The anisotropy is obtained as:

A = a11/a22.

When observing Fig. 3, it is seen that the fibres tend to agglomerate in clear
streamwise streaks. The streaks are further visualised in Fig. 4 where spanwise
fibre density distributions from sequential images are shown. The spanwise
distributions (rows of Fig. 4) are obtained by adding the grayscale values of
each image in the streamwise direction. It is seen that the streaks are persistent
during the time shown. The total time in this series is 7.7 s. The tendency of the
fibres to agglomerate in streaks is quantified by a streakiness measure Ξ where
Ξ = 0 means that the fibres have no particular order in the spanwise direction
and Ξ = 1 means that all fibres are found in streaks that all have the same
width. The mean streak width SW is also determined. The process to obtain Ξ
and SW is presented and verified in a separate work, H̊akansson et al. (2013).
In short, the positions of the fibres are used together with correlation analysis
with a focus on overcoming the severe concentration dependency connected
to most other methods at low concentrations (e.g. Voronoi analysis or box
counting methods).

Finally, we also use Voronoi (Aurenhammer 1991) analysis to distinguish
between fibres inside and outside clusters (in our case, the relevant clusters are
the streaks). Based on the fibre positions, the Voronoi analysis associates an
polygonal area with each fibre where no other fibres are present. The Voronoi
area is small for fibres in clusters and large for fibres outside clusters. Thus,
the distribution of Voronoi areas can be used to select the 10% most and least
clustered fibres in each image.

3. Dimensional analysis

The system at hand depends on nine independent physical variables that are
tabulated in table 1. The physical variables are separated in those that control
the particle-free flow and those that appear if fibres are added to the flow. The
surface area density of fibres n2 is the number of fibres in an image divided
by the image area. The division of the gravitational acceleration in its parallel
and orthogonal component has been made since the particle-free flow cannot
distinguish a change in inclination angle from a change in gravity, as long as
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Particle free flow
h Thickness of the

fluid layer
g� = g sinα Gravitational acceleration

along the inclined
glass plate

ρf Density of the fluid
µ Dynamic viscosity of

the fluid

Flow with particles
lp Length of the fibres
dp Diameter of the fibres
ρp Density of the fibres
n2 Surface area density

of fibres
g⊥ = g cosα Gravitational acceleration

normal to the inclined
glass plate

Table 1. Independent physical variables in the experiment.

the gravity does not reach zero. Thus, the gravitational acceleration along the
plate is the physical parameter controlling the flow.

These variables contain three dimensions: mass, length and time. Ac-
cording to Buckingham’s Π-theorem (Buckingham 1914), the number of non-
dimensional groups necessary to describe the system is [number of variables] -
[number of dimensions], in the present case 9− 3 = 6. Six independent groups
are identified in table 2, where Rep and S are defined. A very brief description
of the physical relation described by each group is provided in the table and
more detailed descriptions follow below. Through variation of rp, h and α, wide
parameter spaces are spanned (the total number of cases in this work is 116).
Three projections of the parameter space covered are shown in figure 5 (a–c).
The parameters Rep, n2l2p and S are shown as functions of Reτ and the aspect
ratio for each point is shown as the marker type. The sixth non-dimensional
group, Stp, is obtained as (ρp/ρf )Rep and since (ρp/ρf ) = 1.3 is constant, the
plot is very similar to Fig. 5 (a).

Note that even though the parameter variations might seem exhaustive at
first sight, only three (Reτ , rp and n2l2p) of the six non-dimensional groups are
varied independently since the density ratio, fibre diameter and gravitational
acceleration normal to the plate are kept constant or near constant.
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Reτ = uτh
ν Friction Reynolds number

of the bulk flow.

Rep =
γ̇wl2p
ν Particle Reynolds number

quantifying the effects of
fluid inertial on particle
rotation in the mean shear.

Stp = ρp

ρf
Rep Particle Stokes number

quantifying the effects of
particle inertia on particle
rotation in the mean shear.

n2l2p Mean number of particles in a
square prism with side lp.

rp = lp
dp

Aspect ratio of the fibres.

S = TJeff /Tsed Time for a Jeffery orbit
versus the time to sediment
from a height of lp/2 to the wall.

Table 2. Six non-dimensional groups with a short description
of the physical phenomena they measure. A short comment on
each group, including definitions of yet undefined quantities,
is given in the text under separate headings. γ̇w is the wall-
normal gradient of the streamwise velocity at the wall; TJeff

and Tsed are defined in the text.

In figure 5 (d), the parameter space spanned by an additional non-dimen-
sional group, l+p = lp/l+, i.e. the fibre length compared to the viscous length
scale at the wall, is provided. Since this parameter describes the ratio of the
fibre length to the smallest turbulent length scales, it could be expected that
the fibre behaviour would be described by this parameter. However, it will soon
be shown that the orientation distributions are not controlled by this parameter
and that other effects are dominating.

3.1. Friction Reynolds number Reτ

The friction Reynolds number is typically chosen to describe turbulent channel
flow Kim et al. (1987). It is the ratio of the viscous length scale at the wall
(also called frictional length scale) and half the channel height. Since our flow
is half a turbulent channel flow, it is the ratio of the frictional length scale and
the thickness of the water layer flowing down the inclined plate.



126 M. Kvick et al.

50 100 150 200 250

10
1

10
2

10
3

r
p
 = 7

r
p
 = 14

r
p
 = 28

Re !

Re p

a)

50 100 150 200 250
0

0.05

0.1

0.15

0.2

0.25

0.3

Re !

n2l
2
p

b)

 

 

r
p
 = 28 r

p
 = 14 r

p
 = 7

50 100 150 200 250
0

2

4

6

8

10

12

14

16

Re !

T
J
e
f
f/
T
s
e
d

 

 c)
r
p
 = 28 r

p
 = 14 r

p
 = 7

50 100 150 200 250
0

5

10

15

20

25

30

35

40

45

Re !

l+p

d)

 

 

r
p
 = 28 r

p
 = 14 r

p
 = 7

Figure 5. Different realizations of the parameter space studied.

3.2. Particle Reynolds number Rep

Since our fibres rotate in a mean shear, the particle Reynolds number is based
on the shear. We have chosen the shear at half a fibre length from the wall, since
this is the closest position where a fibre aligned with the flow can perform a flip.
The particle Reynolds number is one of the key parameters controlling particle
rotation in shear. This has been shown in numerous analytical and numerical
studies of single particles in shear, e.g. Aidun et al. (1998); Subramanian &
Koch (2006); Qi & Luo (2002).

3.3. Particle Stokes number Stp

As the particle Reynolds number is increased, it is not only fluid inertia in the
flow around the particle that comes into play. The rotational particle inertia,
measured by Stp, enters the problem as well. In fact, the behaviour of a
single particle in shear is actually determined by a competition (and sometimes
cooperation) between fluid and particle inertia (Subramanian & Koch 2006;
Lundell & Carlsson 2010; Rosén et al. 2014a,b). Note that particle inertia is
important also for neutrally buoyant particles, since the Stp = Rep in this case.
In practice the density ratio is rarely much less than one but often much higher
than one, particle inertia will therefore always be active, and often be dominant
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(see Rosén et al. (2014a,b) for details). Here, the particle-fluid density ratio is
constant and it is therefore not possible to separate effects of particle and fluid
inertia from each other. However, comparisons with single particle simulations
can serve this purpose instead of tedious experiments with varying density,
obtaining identical fibres with varying density is a non-trivial task and the
fluid density can not be varied in a large range unless exotic (and often toxic)
fluids are used.

3.4. Concentration n2l2p

Concentration in a fibre suspension is typically measured by n3l3p, where n3

is the volume particle number density. This measures the mean number of
particles in a cube with side length lp and provides an estimation of to what
extent fibres interact with each other. It is also the concentration parameter
controlling the rheological properties of a dilute fibre suspension. Here, the
non-dimensional concentration is based on surface rather than volume since the
fibres are primarily present close to the wall due to sedimentation. Therefore,
n2l2p quantifies to what extent the fibres interact with each other: if this value
is unity, fibre interactions start to occur. A volume averaged concentration
measure would not give a proper description of the physical situation at hand.

3.5. Aspect ratio rp

The aspect ratio controls the shape of the orbits that inertia-free fibres perform
in unbounded shear flow (Jeffery 1922) and can therefore be expected to control
the fibre behaviour in our experiments. In unbounded shear flow, the distance
that fibre end points deviates from the flow-vorticity plane decreases as the
aspect ratio increases (provided they are not perfectly aligned with the flow).

3.6. Sedimentation parameter S

The choice of parameter for the effects of sedimentation is not obvious. Here,
the ratio between two time scales is used. The first timescale is the time it would
take for an inertia-free cylinder to perform a flipping motion in the shear half
a fibre length from the wall over TJeff = 2π(r2e +1)/(γ̇lp/2re) where γ̇lp/2 is the
shear half a fibre length from the wall (estimated from DNS data) and re is
the equivalent ellipsoidal aspect ratio, re = 1.14r0.844p (Harris & Pittman 1975).
The second time scale is the time it would take for a fibre with horizontal
alignment to sediment half a fibre length, Tsed = lp/vsed where vsed = (ρp −
ρf )(d2p/16νρf )[log(2rp)+ 0.193]g (Herzhaft & Guazzelli 1999; Batchelor 1970).
The inverse of this ratio gives an idea of how many times a fibre end point
touches the wall before its centre point reaches the wall.
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Figure 6. Fibre orientation distributions for (a) rp = 7, 14
and (b) rp = 14, 28 for different non-dimensional fibre lengths,
l+p .

4. Results

The results will be presented in three groups: (i) orientation distributions in the
plane parallel to the wall under different conditions, Figs. 6–8, (ii) anisotropy A
as a function of different non-dimensional groups and the streamwise direction,
Fig. 9, and (iii) streakiness1, streak width and anisotropy inside and outside of
streaks, Fig. 10. Most of the data is from a fibre suspension of pure water and
fibres; two series of anisotropy data with PEO added to the water are shown
in Fig. 9 (d).

4.1. Orientation distributions

Selected orientation distributions will be shown focusing on the importance
of turbulent length scales, the effect of fibre aspect ratio and the effect of
concentration. The orientation of the fibres are defined such that β = 0 is in
the streamwise direction.

First, turbulent length scales and fibre aspect ratios will be addressed. In
Fig. 6, rp and l+p are varied. In (a), (rp, l+p ) = (7, 7.4), (14, 8) and (14, 13.8) are
shown. At rp = 7, the distribution shows a distinct orientation in the spanwise
direction (β = 90◦ and 270◦) whereas the rp = 14 cases have a slight tendency
to align in the streamwise direction (β = 0◦ and 180◦). The distributions for
rp = 14 are almost identical but l+p differs almost a factor of two. However,
the distribution for rp = 7 is clearly different, even though its l+p is very close
to one of the rp = 14 distributions (l+p = 7.4 and 8, respectively).

1The tendency for fibres to agglomerate into streaks
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Figure 7. Fibre orientation distributions for (a) rp = 7, (b)
rp = 14 and (c) rp = 28, with similar friction Reynolds num-
bers for each aspect ratio.

Similarly in Fig. 6 (b), two orientation distributions for rp = 28 (l+p = 15.1
and 30.3) and one for rp = 14, l+p = 14.4 are shown. The variation of the non-
dimensional fibre length result only in a slight difference between the orientation
distributions while the aspect ratio once again has a large impact. The longer
fibres (rp = 28) are almost completely aligned in the streamwise direction
whereas the shorter ones (rp = 14) only show a weak tendency to do so.

In Fig. 7, fibre orientation distributions are shown for the three different
aspect ratios from (a) to (c). For each aspect ratio, three friction Reynolds
numbers are shown(the friction Reynolds numbers are similar for the three as-
pect ratios). As before, the fibres with rp = 7 in (a) have a preferred orientation
in the spanwise direction whereas the most slender fibres with rp = 28 in (c) are
aligned in the streamwise direction. At rp = 14, (b), there is a small tendency
for alignment in the streamwise direction. For each aspect ratio, variations of
Reτ produces only small changes that will be quantified in terms of anisotropy
later.
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Figure 8. Fibre orientation distributions for (a) rp = 7 and
(b) rp = 14, with varying concentrations and constant flow
condition (Reτ = 110).

The final orientation distributions focus on effects of fibre concentration.
In Fig. 8, fibre orientation distributions for two aspect ratios, (rp = 7, 14) and
different local fibre concentrations, n2l2p (actual values given in the legends)
are shown. The results in these figures have all been obtained at the same
flow conditions, at a friction Reynolds number of Reτ = 110. For the shorter
fibres, with rp = 7, Fig. 8 (a), the changes in concentration have a very small
effect. However, for the fibres with aspect ratio rp = 14 in (b), an increase in
concentration causes more fibres to orient in the flow direction.

4.2. Fibre orientation anisotropy

The fibre orientation anisotropy data is shown in Fig. 9. In Fig. 9(a), the
anisotropy is shown as a function of the friction Reynolds number. The ori-
entation anisotropy for rp = 28 seems to be unaffected by the change in Reτ ,
while the trend for rp = 7 and 14 is an approach towards orientational isotropy
(A = 100) as the friction Reynolds number is increased. For rp = 7, 14 the con-
centration was varied at constant Reτ = 110. For rp = 7, all filled squares are
at the same anisotropy but for rp = 14, there is a change with concentration.

The concentration effects are detailed in Fig. 9(b) where the anisotropy is
shown versus the local fibre concentration. A clear grouping of the different
aspect ratios is visible, and inside each aspect ratio there is a distinct scatter,
in particular for rp = 7 and 14 due to the variation of Reτ .

In addition to the experiments with water-fibre suspension, a few experi-
ments were performed with a small amount (40 ppm) of Poly-Ethylene Oxide
(PEO) added. The results from these experiments are shown in Fig. 9(c),
where the filled markers are cases where the suspending fluid is the water-PEO
mixture and the empty markers are the corresponding cases where pure water
was used. For rp = 7, no apparent change in anisotropy is visible compared
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Figure 9. Fibre orientation anisotropy versus (a) friction
Reynolds number, (b) local concentration and (d) streamwise
position. In (a) and (b), the filled symbols (� and �) are con-
stant Reτ and varying concentrations. In (c) the fibre orienta-
tion anisotropy is shown versus the friction Reynolds number
for a suspension containing PEO (� and �) and the reference
case (� and �).

to the reference with pure tap water. However, for the fibres with aspect ratio
rp = 14, a consistent decrease in the anisotropy is seen for all experiments with
the PEO solution.

It was also confirmed that the fibre orientation had enough time to converge
when the fibres reached the position for the image acquisition. Images were
captured at five streamwise positions between x = 700 and 1500 mm and the
results from these measurements are shown in Fig. 9(d). The experiments were
performed for different friction Reynolds numbers, ranging between Reτ = 100–
200 (two cases for rp = 7, one for rp = 14 and three for rp = 28). Again, the
different aspect ratios give different anisotropy and the change in the streamwise
direction is very small.
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Figure 10. (a) Streakiness, larger dots represent a higher de-
gree of streakiness; (×) represents measurements were streaki-
ness data could not be determined due to insufficient or ex-
cessive fibre concentration. (b) Relative streakiness, Ξ, as
function of Reτ , higher value represents higher streakiness.
(c) Fibre streak width (SW) versus Reτ , the solid line is
SW = 50l+/h, the typical width of the low velocity streaks in
a turbulent shear layer. (d) Fibre orientation anisotropy in-
side fibre streaks (AS) relative to the anisotropy of fibres not
located in fibre streaks (AN ) versus the total anisotropy (AR).

4.3. Fibre streaks

In many of the experiments performed, the fibres were seen to accumulate into
streamwise streaks. In Fig. 10(a), the relative streakiness Ξ is shown in the Rep-
Reτ plane, where a larger dot represents a larger value of Ξ. The measurements
marked with a cross (×) are cases where the analysis failed, either due to too
low (streakiness analysis fails) or too high (fibre detection fails in the streaks
and streak analysis would be incorrect) fibre concentration. Figure 10(b) shows
that the streakiness decreases from Reτ = 110 and up. The amount of data
does not allow any other observations.
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In Fig. 10(c), the width of the fibre streaks are compared to the typical
width of low velocity streaks in turbulent boundary layers (50l+), see e.g.
Zacksenhouse et al. (2001). The scaling of the fibre streaks is of the same order
as the low velocity streaks, although the fibre streaks are slightly wider. A
widening of the low velocity streaks in particulate flows has been noted in DNS
by Zhao et al. (2010) and Sardina et al. (2012) for spherical particles.

In order to discover differences in the fibre orientation inside streaks and
elsewhere, the relative anisotropy of the orientation distribution inside (AS)
and outside (AN ) of the streaks is investigated. The parameters are found by
considering the 10% most and least clustered fibres in each image, found by
the Voronoi analysis. The relative anisotropy (AS/AN ) is shown in Fig. 10(d)
against the reference anisotropy (AR), which is obtained by considering all
fibres. The figure has been divided into four quadrants, data in quadrants I and
III indicate a preferred orientation inside the streaks (in the flow direction in I
and normal to the flow in III) as compared to the fibres outside of the streaks.
The opposite is true for the quadrants II and IV, where the orientation is more
isotropic inside the streaks in relation to the fibres outside. Unfortunately, the
data is inconclusive. The data for rp = 7 has converged to the size of the
marker, but appear in both quadrant II and III. The data for rp = 14, 28 has
to large errors to make any conclusions.

5. Discussion

The results reveal a major impact of fibre aspect ratio on the orientation of the
fibres as they have sedimented to the wall region. In comparison with the major
impact of fibre aspect ratio, effects of friction Reynolds number, concentration
and addition of 40 ppm PEO are of secondary importance. The additional
factors only modify the fibre orientation slightly. The orientation behaviour
is such that fibres with aspect ratio rp = 7 are oriented normal to the flow
direction whereas fibres with rp = 28 are oriented in the flow direction. The
intermediate fibres (rp = 14) give more isotropic orientation distributions.

This orientation behaviour is similar to the one observed in experiments
on fibre orientation in laminar flow by Carlsson et al. (2007); Carlsson (2009).
In the laminar case, a combined theoretical/numerical study showed that the
difference in orientation behaviour between short and long fibres occurred due
to a competition between the effects of sedimentation towards the wall and wall
interactions (driving the fibres towards an orientation normal to the flow) and
the effects of fluid inertia (when leaving the Stokes flow limit) counteracting
this tendency.

In the present work, two additional factors appear compared to the laminar
case. The first is turbulent velocity fluctuations and the second is potentially
strong particle and fluid inertia due to the high Rep. The data presented
here demonstrates that the length scale of the turbulent velocity fluctuations
has a weaker impact than rp (Fig. 6). Regarding particle and fluid inertia,
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Fig. 5(a) shows that the effect of aspect ratio is larger than the effect of particle
Reynolds number. The present effects of aspect ratio at 10 < Rep < 1500 are
nearly identical to those observed at Rep ≈ 0.01 in laminar flow Carlsson et al.
(2007); Carlsson (2009).

A theoretical analysis Carlsson (2009) showed that the behaviour at low
Reynolds number occurred due to a competition between wall interaction effects
and inertial effects. It could be hypothesized that similar effects are at hand in
the present experiments. This means that the mean shear, together with hy-
drodynamic and direct interactions with the wall, control the fibre orientation.
The exact nature of these mechanisms should be investigated in detailed single
particle simulations.

When it comes to particle hydrodynamics including particle inertia, a com-
plete description is not yet available. Nevertheless, simulations of ellipsoids (as-
pect ratio 2) shows that buoyant particles undergo a number of transitions as
Rep is increased (Yu et al. 2007; Huang et al. 2012; Rosén et al. 2014b). At low
nonzero Rep, a particle drifts to alignment with the vorticity axis (β = 90◦ in
the present case). As Rep increases, the angle between the particle to the vor-
ticity axis increases and the particle starts to nutate. Eventually, the particle
will be steady and aligned with the flow direction. The details of the transi-
tions between these rotational states depend on Rep, rp and the particle/fluid
density ratio (for high density ratios Lundell & Carlsson (2010) particle inertia
will cause the particles to align with the flow direction also at Rep = 0). The
trend in the present study: alignment with the vorticity axis at low Rep and
with the flow direction at larger Rep is in agreement with the trends observed
for a single particle at aspect ratios up to 4 (Yu et al. 2007; Huang et al. 2012;
Rosén et al. 2014b). It is clear that a detailed description of rotational states
in the full parameter space (Rep, rp and density ratio) is necessary in order to
understand our observations. However, such a description is not yet at hand
for the aspect ratios of this study.

It is now time to discuss the nature of the direct wall interactions. It
has been shown by Jeffery (1922) that fibres in shear at zero Rep perform a
tumbling motion when aligned in the flow direction (due to the acceleration
prior to the test section, this is the dominating orientation of the fibres far
from the wall). As the fibres approach the wall, they interact with the wall
first hydrodynamically (since the presence of the wall changes the flow around
the fibre as it sediments in the shear) and by direct contact.

A first estimate of the number of direct wall interactions is given by the
inverse of the sedimentation parameter S. From Fig. 5(c), it can be argued that
(i) the different fibre lengths do not touch the wall in a distinctively different
manner and (ii) the number of direct wall interactions is very limited. The ob-
servations in this paper must therefore be explained with either a combination
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of particle hydrodynamics and direct contact with the wall or particle hydro-
dynamics alone. Repeated wall contact can be ruled out as an explanation to
the differences in orientation.

Thus, the present results indicate that the orientation of the fibres is gov-
erned by mean shear and wall interactions, even though the turbulence have a
clear impact on organizing the fibres into streaks. This supports the idea that
the fibre orientation in the parameter region under study can be modelled with-
out explicit consideration of the instantaneous turbulent vortices or the finite
fibre size. This gives hope for both Lagrangian point-particle approaches and
Eulerian modelling of the orientation distribution. However, modelling of the
particle distribution and organisation into streaks could be more challenging.

The streakiness data showed a clear decrease in streakiness from Reτ = 110
and up. Since no streaks are expected to occur in a laminar flow (low Reτ ),
there must be a maximum in streakiness and this maximum occurs for Reτ <
110

Finally, a short note will be made on rotational diffusivity. The only dis-
tinct effect of concentration was an increase in anisotropy with increasing con-
centration for the fibres with rp = 14 (see Fig. 9(b)), showing that the fibre
interactions at high concentrations cannot be modelled as a diffusion acting on
the orientation distribution.

6. Conclusions

Orientation and distribution of fibres in turbulent flow in the neighbourhood
of a solid wall has been studied. The flow regime studied is 50 < Reτ < 210.
The main conclusions are

• The fibre orientation is controlled by the fibre aspect ratio. Turbu-
lent length scales, friction Reynolds number and concentration is of
secondary importance.

• The fibres are oriented normal to the flow for rp = 7 and aligned with
the flow for rp = 28. The intermediate fibres (rp = 14), displayed more
isotropic orientation distributions.

• A polymer (PEO) concentration of 40 ppm made the orientation distri-
butions of the intermediate fibres (rp = 14) more isotropic. The shorter
fibres (rp = 7) were not affected.

• The fibres organize themselves in streaks. The streakiness vary with
Reynolds number and there is a maximum for some Reτ < 110.

• For the intermediate fibres (rp = 14), the anisotropy of the orientation
distributions increased with increasing concentration, while it stayed
constant for the shorter fibres (rp = 7). This indicates that fibre in-
teractions in the particle clusters cannot be modelled as an increase in
rotational diffusivity.



136 M. Kvick et al.

Acknowledgements

Thanks to Dr. Allan Carlsson for providing valuable input during the exper-
iment and analysis. The Knut and Alice Wallenberg Foundation,through the
Wallenberg Wood Science Center, funded this work. Dr. Lundell and Dr. Prahl
Wittberg have also been funded by the Swedish Research Council, VR.



References

Acheson, D. J. 1995 Elementary Fluid Dynamics. Oxford University Press.

Advani, S. G. & Tucker III, C. L. 1987 The use of tensors to describe and predict
fiber orientation in short fiber composites. J. Rheol. 31 (8), 751–784.

Aidun, C. K., Lu, Y. & Ding, E. 1998 Direct analysis of particulate suspensions
with inertia using the discrete boltzmann equation. J. Fluid Mech. 373, 287–311.

Andersson, H. I., Zhao, L. & Barri, M. 2012 Torque-coupling and particle-
turbulence interactions. J. Fluid Mech. 696, 319–329.

Aurenhammer, F. 1991 Voronoi diagrams&mdash;a survey of a fundamental geo-
metric data structure. ACM Comput. Surv. 23 (3), 345–405.

Batchelor, G. K. 1970 Slender-body theory for particles of arbitrary cross-section
in stokes flow. J Fluid Mech 44 (03), 419–440.

Bellani, G., Byron, M. L., Collignon, A. G., Meyer, C. R. & Variano, E. A.
2012 Shape effects on turbulent modulation by large nearly neutrally buoyant
particles. J. Fluid Mech. 712, 41–60.

Buckingham, E. 1914 On physically similar systems; illustrations of the use of di-
mensional equations. Phys Rev. 4, 345–376.

Carlsson, A. 2009 Near wall fibre orientation in flowing suspensions. PhD thesis,
KTH Mechanics, Royal Institute of Technology.
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Cellulose nanofibrils can be obtained from trees and have considerable po-
tential as a building block for biomaterials. In order to achieve good properties
of these materials, the nano structure must be controlled. Here we present
a process combining hydrodynamic alignment with a dispersion-gel transition
that produces homogeneous and smooth filaments from a low concentration
dispersion of cellulose nanofibrils in water. The preferential fibril orientation
along the filament direction can be controlled by the process parameters. The
specific ultimate strength is considerably higher than previously reported fil-
aments made of cellulose nanofibrils. The strength is even in line with the
strongest cellulose pulp fibres extracted from wood with the same degree of
fibril alignment. Successful nano-scale alignment before gelation demands a
proper separation of the timescales involved. Somewhat surprisingly, the de-
vice must not be too small if this is to be achieved.

Introduction

Many biological materials show impressive and controllable properties that are
determined by their micro- and nano-structure. Cellulose fibres extracted from
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wood and spider silk represent two excellent examples (Page et al. 1971; Page &
el Hosseiny 1983; Vollrath & Knight 2001). The main constituent of cellulose
fibres is the nano-scale fibril, which has the prospective of being a building
block for future high-performance biomaterials and textiles (Eichhorn et al.
2010; Siró & Plackett 2010) and/or provide a template for functional nano-
materials (Olsson et al. 2010). However, processes that enable full utilisation
of the potential of the fibrils are yet to be developed. Fibrils in cellulose fibres
from wood are organised in a nano-scale lamellar structure having a highly
ordered spiraling orientation along the fibre axis (Eichhorn et al. 2001). The
fibres demonstrate high ultimate strength and stiffness that vary in a wide range
depending on the mean fibril orientation (Page & el Hosseiny 1983; Eichhorn
et al. 2010; Siró & Plackett 2010; Reiterer et al. 1999; Burgert et al. 2002; Eder
et al. 2013). In the tree, the fibril orientation also varies through the thickness
of the stem so that the mechanical performance of the tree is optimized (Eder
et al. 2013). Cellulose fibres can be disintegrated (Turbak et al. 1983; Pääkkö
et al. 2007) into individual fibrils or fibril bundles (cellulose nanofibrils, CNF)
and recently, films and filaments have been manufactured from CNF (Siró
& Plackett 2010; Olsson et al. 2010; Moon et al. 2011; Iwamoto et al. 2011;
Walther et al. 2011; Sehaqui et al. 2012). However, the properties obtained are
far from the values reported for individual cellulose fibres liberated from wood
(Page & el Hosseiny 1983; Eder et al. 2013) and it can be hypothesised that
the fibrils have to be aligned and assembled in a controlled manner in order to
make use of the potential of CNF.

We have successfully designed a continuous and potentially industrially
scalable and parallelizable method that prepares strong and stiff CNF-based
filaments. We have also identified critical mechanisms and associated time-
scales that govern our filament forming processes, as well as the necessary
separations of these time-scales needed for successfully replicating the proper-
ties of the natural cellulose fibre. The process is realised using a millimetre
sized flow-focusing system (Knight et al. 1998; Kenis et al. 1999; Anna et al.
2003; Koster et al. 2008) as the primary component and the identified mecha-
nisms and associated time-scales are generic and will govern similar assembly
processes of shape persistent anisotropic substances, for example other types
of fibrils, fibroins or even organic polymers during injection moulding (Treb-
bin et al. 2013). For the case of non-shape persistent particles the timescale
for shape relaxation in the channel must be added and tuned, to ensure that
assembly occurs before the particle relaxes. Nevertheless, the reasoning may
readily be applied to processes for micro-fluidic assembly of e.g. silk (Kenis
et al. 1999; Kinahan et al. 2011). As long as the time-scales of the alignment
and assembly process are correct, up- or down-scaling and parallelization of
this process for industrial production is possible. This will allow manufactur-
ing of strong filaments from wood fibre raw material for future production of
high performance bio-composites as well as for textile production. In the latter
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Figure 1. Properties of common filament materials.
(a,b) Overview and close-up of specific ultimate strength ver-
sus specific Young’s modulus for a number of materials, re-
spectively. Solid red dots represent measurements of cellulose
pulp fibres extracted from wood while the open markers are
filaments and films made of CNF. The properties of filaments
prepared by alignment followed by dispersion-gel transition are
represented by filled stars, where the four different colours be-
long to four different cases. The angle (in ◦) displayed next
to some markers in b, represent the CNF alignment (if this
information was given), where zero is in the direction of the
fibre or filament axis. Further details are given in the text.

context, the filaments could be a replacement product for cotton and indus-
trially produced viscose and Lyocell, and thereby significantly contribute to a
reduced environmental footprint by reduced use of organic solvents.

Results

Mechanical performance of the CNF filaments

The obtained CNF filaments have been evaluated regarding fibril orientation,
stiffness, ultimate strength and strain-to-failure. In Figure 1 (overview in 1a
and closeup in 1b) our filaments (filled stars) are compared to the specific
ultimate strength as a function of specific Young’s modulus for a wide range of
filament materials as well as steel and aluminum (Eichhorn et al. 2010, 2001;
Hearle 2001; Northolt et al. 2001). The filled, red markers show data that
have been obtained from stress-strain curves for bleached cellulose pulp fibres
extracted from wood (Page & el Hosseiny 1983) assuming a fibre density of
1.3 g cm−3. More recent experiments report lower values (Eder et al. 2013) and
the red circles should therefore be considered to be extremely good values. The
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red circles correspond to different angles between the mean fibril orientation
within the fibre and the fibre orientation (nanofibril angle); this variation occurs
naturally since the tree optimizes its structural integrity. The data points for
cellulose pulp fibres follows the trend given by most of the other fibres ranging
from plastic fibres in the lower left, via natural fibres to stronger and stiffer
synthetic fibres such as glass-, Kevlar-, Spectra- and carbon-fibres in the upper
right. Note that cellulose pulp fibres with fully aligned fibrils can have a specific
ultimate strength comparable to glass-fibres and a specific stiffness comparable
to Kevlar. The two green filled circles show (one of) the strongest commercially
available filaments made from dissolved cellulose (Cordenka 700) as well as the
strongest cellulose filament ever reported (Northolt et al. 2001).

The open connected markers (square, triangles and circles) and the filled
triangle show properties of filaments and films made from CNF (Henriksson
et al. 2008; Iwamoto et al. 2011; Walther et al. 2011; Sehaqui et al. 2012).
These filaments have been made by ejection of a CNF dispersion from a nozzle
(syringe) followed by coagulation (Iwamoto et al. 2011; Walther et al. 2011) and
the fibril alignment is a function of the ejection speed. The fibril orientation in
these previously reported results is averaged over the filament width (approx.
100 µm) and it is therefore not possible to deduce whether the fibril orientation
varies from the skin to the core. However, scanning electron microscopy (SEM)
images of these filaments show that the cross section varies considerably and
that the filaments often are hollow. It should be noted that the CNF used to
prepare our filaments were produced with the same protocol as the CNF used
to prepare the film represented by the filled triangle. However, our filaments
reproduces the properties of the cellulose pulp fibres as well as the strongest
commercially available filaments made from dissolved cellulose. Previous man-
made CNF based materials are thus far from this achievement.

The concept for filament assembly

Our filaments are prepared by utilizing a surface-charge controlled gel tran-
sition (Fall et al. 2011, 2013) in combination with hydrodynamically induced
fibril alignment. Ideally, the assembly phase of the filament forming process
should first align the fibrils in the dispersion before fixing the material nano-
structure by inducing a gel transition. Figure 2 shows an idealized description
of our concept of achieving this. Above and below the illustration of flowing
nanofibrils, the mechanical (above) and electrochemical (below) processes af-
fecting the fibrils are illustrated. In the liquid dispersion, fibrils are fairly free
to rotate (a) thanks to strong electrostatic repulsion (e). An accelerating flow
causes the fibrils to align in the flow direction (Koster et al. 2008; Trebbin
et al. 2013; Jeffery 1922) (b). Before the alignment is lost due to Brownian
diffusion (c), the electrostatic repulsion between the particles is reduced by an
electrolyte diffusing into the suspension (f–h). Finally, the aligned structure is
frozen as a gel (d).
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Figure 2. Illustration of the assembly process. The
nanofibrils in the focused flow are illustrated as rods (the fib-
ril length in relation to the channel width is exaggerated by
approximately a factor of 300). The diffusion of Na+, from
addition of NaCl in the focusing liquid, is illustrated with
a blue tint. The rows of small images above and below the
central image illustrates the hydrodynamical, molecular and
electro-chemical processes involved. (a) Brownian diffusion
(illustrated with the dashed arrows) affects the orientation of
a single fibril, (b) hydrodynamically induced alignment (il-
lustrated by solid, gray, arrows) occurs during the accelera-
tion/stretching, (c) Brownian diffusion continues to act after
the stretching has ceased, (d) Brownian diffusion is prevented
by the transition to a gel. The lower row of small images il-
lustrate how the electrostatic repulsion (illustrated by the red
area representing the Debye-length), decreases from e to h as
the Debye length is decreased with increasing Na+ concentra-
tion or by protonation of the carboxyl groups on the fibril
surface.

Hydrodynamical alignment can be achieved in different ways. The cross
section of the flow channel can be increased or decreased, imposing deceleration
or acceleration, respectively, of the flow. As a consequence, fibrils will tend to
orient themselves perpendicular (deceleration) or parallel (acceleration) to the
flow direction (Koster et al. 2008; Trebbin et al. 2013; Jeffery 1922). This could
be referred to as geometry controlled acceleration and occur in spinnerets as
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well as in spinning using a syringe (Iwamoto et al. 2011; Walther et al. 2011;
Vigolo et al. 2000). For the latter case, the velocity gradients towards the walls
will inevitable impose a continuous rotational motion of the fibrils even though
the mean orientation will be aligned with the flow direction. This rotational
motion in shear has been shown also for nematic liquid crystals (Tao et al.
2005).

For the case of wet-spinning, the fibril dispersion would be injected into an
outer co-flowing liquid, i.e. the sheath flow. The sheath flow commonly have
a higher speed than the core stream but it can also have a lower speed. This
velocity difference will induce shear that accelerates or decelerates the stream
with fibrils and hence affects fibril alignment (Kiriya et al. 2012). However,
for this case the shear is omnipresent and causes changes of the mean fibril
orientation as well as the orientation distribution. Another possibility is to
use two perpendicular opposing (focusing) streams that merges with the core
(focused) fibril dispersion stream. For this case the acceleration is controlled by
continuity, which gives a minimum of shear. This flow set-up is often referred
to as flow focusing.

Filament assembly using flow focusing

In our experiments, alignment followed by gelation is accomplished in a flow
focusing channel system (Knight et al. 1998; Kenis et al. 1999; Anna et al.
2003; Kinahan et al. 2011) seen in Fig. 3. The flow is illustrated in Fig. 3c. If
the outer (or sheath) streams contain electrolytes or an acid, ions will diffuse
into the dispersion causing a gel transition (Fall et al. 2011, 2013) at positions
where the ion concentration has reached values above the gelation concentra-
tion threshold. This gel transition is due to a cancellation of the electrostatic
repulsion between the fibrils, which originates from the carboxyl groups on
the fibrils. The result is the formation of a gel thread at the centreline of the
channel and in order to avoid buckling the flow in the channel must be hydro-
dynamically stable. This is an example of a viscous confined jet/wake flow and
the buckling is due to a hydrodynamic instability causing self sustained oscil-
lations (Cubaud & Mason 2008; Tammisola et al. 2011), which can be avoided
by selecting the proper flow parameters.

After forming, the gel thread is ejected for further processing. The pa-
rameters of this ejection (viscosity of the liquid and velocities) must be in a
range where the gel thread exits from the conduit in an orderly manner, with-
out entanglement of the thread and/or destruction of the gel. Figure 3f shows
successful ejection. The cases in Figs. 3e and 3g result in threads that cannot
be dried; in Fig. 3e the sheath liquid is deionized water by which no phase
transition occurs and in Fig. 3g the thread buckles due to an elevated sheath
flow rate.
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Figure 3. Description of experimental setup. (a,b)
Schematic drawing and photo of the flow cell, respectively,
where the scale bar in b is 10 mm. (c) Image of the focusing
region of the channel, where the flow is directed downwards
and the scale bar represents 1 mm. Water is focusing an ink-
water mix. (d) A schematic drawing of the flow focusing part.
(e-g) Images of the ejected jet, where water is focusing CNF
in e and a NaCl solution is used to focus CNF in f,g. A higher
acceleration is used in g compared to f.

In the present work, filaments formed at four different process conditions
are presented, see Tab. 1. Case B is our baseline case. Case A is ejected into
deionized water instead of a NaCl solution. Case C is formed with a lower
sheath flow concentration of NaCl (later gelation) and case D is formed with
less acceleration (less alignment during acceleration).

The alignment process in the flow focusing device is visualized by polarized
light in Fig. 4a. In our case the birefringence of the CNF-dispersion results in
higher intensity of the transmitted light in regions were the fibrils are aligned.
The alignment is further demonstrated by small angle X-ray scattering (SAXS)
in Figs. 4b (qualitative) and 4c (quantitative). The SAXS images in Fig. 4b
are taken from the positions marked with green squares around blue markers in
Fig. 4a and the red contours show that the initially isotropic structure (circle)
is deformed further downstream. This deformation in small angle diffraction is
a footprint of alignment on the nano level.
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Filament production conditions reported in present work

Core flow Sheath flow Accele– NaCl conc in NaCl conc
Case rate, Q1 rate, Q2 ration, sheath flow, in bath

[mm3 s−1] [mm3 s−1] Q2/Q1 [mM] [mM]

A 6.5 7.5 1.15 100 0
B 6.5 7.5 1.15 100 100
C 6.5 7.5 1.15 50 100
D 6.5 4.5 0.69 100 100

Table 1. The outlier parameter(s) in cases A, C and D is/are italic.

Figure 4. Alignment and de-alignment of fibrils in the
channel. (a) A NaCl solution is focusing an CNF dispersion.
The channel is placed between two crossed polarization filters
rotated 45◦ from the vertical axis (white arrows). (b) SAXS
diffractograms from before, during and after the acceleration
by pure water in the channel, where the red ellipse correspond
to a constant intensity. The locations are marked with green
squares around blue markers in a. (c) Order parameter from
acceleration by pure water calculated from SAXS data as a
function of downstream distance normalised with the channel
width h = 1 mm. The error bars represent the standard devi-
ations between different q-values. The scale bar in a is 1 mm
and in b 0.5 nm−1.

From the SAXS-images, the local order parameter can be calculated (see
methods). The variation in order parameter along the channel length for one
flow rate ratio (cases A, B and C) is shown in Fig. 4c, where the horisontal
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scale is the same as in Fig. 4a. In these measurements deionized water is used
as sheath liquid, which means that there is no gelation, and order parameter 0
represents an isotropic fibril orientation distribution whereas order parameter 1
represents a fully aligned fibril orientation distribution, i.e. all fibrils are aligned
in the filament direction. Initially, the shear in the inlet channel (z/h < 0)
creates order in the incoming dispersion. At the start of the focusing (z/h ≈ 0),
the flow geometry is such that there is a deceleration causing fibril de-alignment
(order decreases). This decrease in order is followed by a steep increase in
order, due to the acceleration (the maximum order reached is around 0.39).
After this increase Brownian motion causes a slow relaxation towards isotropy
further downstream (z/h > 2.5).

In order to create a homogeneous and smooth gel thread from a dispersion
of elongated particles or molecules (fibres, fibrils, polymers or carbon nan-
otubes) in the channel with a high order of alignment, the structure must be
assembled into a gel after alignment has been achieved but before Brownian
diffusion causes relaxation towards isotropy. Furthermore, complete gelation
must have been reached before the material is convected/transported out of the
channel system. As a consequence of these conditions, the relations between
four timescales representing the fibril alignment, ion diffusion into the thread,
Brownian rearrangement of the fibrils and the convection through the device
must be correct.

Timescales controlling the assembly process

The timescales involved can be readily identified and estimated. The alignment
of the fibrils is achieved through the acceleration caused by the flow focusing.
Given the square cross section of the channel with area h2, the volumetric flow
rate of the focused fluid, Q1, and an estimate for the length of the acceleration
observed in the images, ∼ 2h, the timescale of this process is talign ∼ 2h3/Q1.
Here, Q1 = 6.5 mm3 s−1 and h = 1 mm, which gives talign ∼ 0.31 s.

In order to create a gel network and lock the aligned structure the ion
concentration must increase inside the CNF thread through diffusion and the
related timescale is given by tion ∼ Ch2/Dion, where Dion is the diffusivity. In
this expression, C is a constant given by the flow conditions, geometry, outer
concentration and transition concentration. The value can be estimated by
solving the diffusion equation in cylindrical coordinates

∂c̃

∂ t̃
=

1

ρ̃

∂c̃

∂ρ̃
+

∂2c̃

∂ρ̃2
, (1)

where the thread centre coincides with the longitudinal axis of the cylindrical
coordinate system and diffusion is considered only in the radial direction. The
diffusion equation has been non-dimensionalised by h, Dion and initial outer
concentration and can be solved numerically. This was done in MATLAB on
the domain 0 ≤ ρ̃ ≤ 0.5 with ρ̃ = 0.2 as an estimate of the thread radius. No
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flux and symmetry boundary conditions were set at ρ̃ = 0.5 and 0, respectively.
The initial condition was c̃ = 1 outside and c̃ = 0 inside the thread. In order
for the gelling to start, the concentration must be over approximately 10 mM.
Thus, given an initial outer concentration of 100 mM the thread should be
completely gelled when c̃ = 0.1 at the centreline, which gave t̃ion = 0.0043.
With Dion = 1.3 × 10−9 m2 s−1 for Na+ in water, this gives the dimensional
timescale tion ∼ t̃ionh2/Dion = 3.3 s.

Before the structure in the thread is locked through gelling there will be
a Brownian rearrangement of the fibrils towards isotropy, which is a diffusive
process with a rotational diffusivity Drot (Doi & Edwards 1986). The timescale
of this process is given by trot ∼ ∆φ2/Drot where ∆φ is the maximum de-
alignment that can be accepted. However, the diffusivity constant Drot is
difficult to estimate from first principles and has therefore been measured as
described in the methods section. By choosing ∆φ = 22.5◦ as the maximum
de-alignment and by using the measured Drot = 0.04 rad2 s−1 this gives trot ∼
3.9 s.

Finally the thread needs to be kept intact during gelation while con-
vected out through the channel. This convective timescale is given by tconv ∼
Lh2/(Q1+Q2), where L is the length of the outlet channel and Q1, Q2 are the
volumetric flow rates of the core and sheath flows, respectively. For our case
Q1 = 6.5 mm3 s−1, Q2 = 7.5 mm3 s−1, h = 1 mm and L = 50 mm, which gives
tconv ∼ 3.6 s.

It should be noted that the timescales are independent of the viscosities,
which would not be the case if the acceleration was induced by shear from
a sheath liquid at higher speed. Furthermore, an important aspect of the
timescales is that they scale differently with respect to channel size and flow
rate. Thus, these two parameters can be altered in order to achieve the neces-
sary separation of the time scales.

In order to achieve a successful assembly of our fibrils into an anisotropic
filament the conditions on these timescales are talign < tion < trot and tion <
tconv. We achieve this in cases A and B since our flow conditions give the
estimates talign = 0.31 s, tion = 3.3 s, trot = 3.9 s and tconv = 3.6 s. In case C,
tion is increased (approximately doubled) due to the decreased concentration
of ions in the sheath flow and consequently, the fibrils should de-align more
before gelling. Finally, the sheath flow rate (and thus the acceleration) is
decreased in case D. As a consequence the maximum alignment in the channel
should decrease compared to cases A–C. For these cases the development of the
fibril order without gelation is shown in Fig. 4c. The estimates show that the
margins in terms of timescale separation are distinct but less than one order of
magnitude.
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Figure 5. Images and diffractograms of dried filament
from case B. (a) Image of a single filament placed between
two crossed polarization filters rotated 45◦ with respect to the
vertical axis (white arrows), the scale bar represents 10 mm.
(b) Image of a filament in a light microscope. (c–e,g,h) SEM
images of a filament, where the outlined squares are close-ups.
The scale bars are 20 µm in b-d, 2 µm in e and 500 nm in g
and h. (f) Diffractograms from a horizontal scan of a filament
shown in b, where the filament has a diameter of ∼ 30 µm,
the beamsize is 1.5× 1.2 µm2 (Horiz.×Vert.) and the distance
between two diffractograms is 6 µm (the region covered by each
diffractogram is indicated with blue rectangles in b). The scale
bar in f is 10 nm−1.

Structural and mechanical characterization of the filaments

After fixation through solvent exchange in acetone and drying with fixed end-
points, i.e. the filament is neither stretched nor allowed to decrease in length
during drying, a dry, homogeneous filament is obtained. Figure 5 shows a photo
in polarized light, SEM images and micro-focused wide angle X-ray scattering
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Properties of the dried filaments

Radius, Tensile str- Modulus, Strain-to- Order para- Mean fib-
Case r ength, σc E failure, �c meter, S ril angle,

[µm] [MPa] [GPa] [%] [◦]

A 14 (1.5) 490 (86) 17.6 (0.7) 6.4 (1.6) 0.50 (0.01) 35 (0.4)
B 11 (0.2) 445 (60) 18.0 (0.8) 8.6 (1.1) 0.50 (0.01) 35 (0.5)
C 16 (1) 300 (20) 12.4 (0.5) 11.2 (0.1) 0.38 (0.02) 40 (1)
D 19 (1) 295 (19) 12.8 (0.5) 11.1 (0.4) 0.39 (0.02) 40 (1)

Table 2. The mean and standard deviation (in parenthesis)
are given. The number of measured samples is three (3) for
cases A and B and two (2) for cases C and D.

(WAXS) diffractograms of a filament from case B (the other cases are similar
except for the degree of alignment). The SEM images (c–e,g,h) show that
the filament is voidfree and has a fairly constant cross section, although some
irregularities are visible. On the fracture surface (Figs. 5e and 5g), individual
fibrils seem to have been pulled out from the structure. One such fibril is
indicated with a white arrow in Fig. 5g. From a close-up of the filament
surface seen in Fig. 5h, it is observed that the network is so compact that only
fibrils on the surface can be identified against a gray background.

Furthermore, the X-ray diffractograms in Fig. 5f, taken at different non-
overlapping positions across the full width of the filament, reveal that the fibril
orientation is distinct and does not vary across the filament. Thus, there is no
skin-core effect (Roth et al. 2003) and the data demonstrates that the filaments
have a very homogeneous structure.

As mentioned, the filaments are characterised in terms of fibril alignment,
stiffness, strength and strain-to-failure. The results from cases A–D are sum-
marised in Tab. 2. A high resolution WAXS image together with an identifica-
tion of the crystal structure, distributions of fibril orientation for cases A and
D, stress-strain curves and strain-to-failure vs. specific modulus are shown in
Fig. 6.

The order parameter is calculated from the azimuthal variation of the scat-
tering peak at q = 15.8 ± 0.1 nm−1, corresponding to the (200) reflection of
Cellulose I (see Fig. 6b). The (200) reflection is used to quantify the orientation
of cellulose crystals and since the crystals are aligned in the direction of the fib-
ril, it can also be used to quantify the fibril orientation (Eichhorn et al. 2001).
The intensity of this peak as a function of azimuthal angle for cases A and D
are shown in Fig. 6c. This is in fact the orientation distribution of the fibrils
and through integration of this function, the order parameter is obtained. The
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Figure 6. Structure and mechanical properties of the
filament. (a) Diffractogram of the strongest and stiffest fila-
ment (case A), where IDG denotes the intermodular detector
gap and the scale bar is 10 nm−1. (b) Radial integration of
the diffractogram shown in a. (c) Azimuthal integration of the
(200) scattering plane of the diffractogram shown in a (case A)
as well as an integration from case D. (d) Stress-strain plot of
10 filaments from cases A-D. (e) Strain-to-failure versus spe-
cific Young’s modulus for cellulose pulp fibres, filaments and
films made from CNF and the hydrodynamically assembled
filaments of this study. The angle represents the angle of the
CNF towards the filament or fibre axis in case of filaments and
towards the tensile testing axis in the case of films.

mean fibril angle is taken as the constant fibril angle that would result in the
same order.

Stress-strain curves for two or three filaments from each case are shown
in Fig. 6d. The general shape of the curves are typical for CNF materials
(Iwamoto et al. 2011; Walther et al. 2011; Sehaqui et al. 2012). Case A (ejected
into pure water) is strongest and stiffest; case B (ejected into NaCl) shows a



156 K. M. O. H̊akansson et al.

similar initial stiffness but is less stiff as the strain is increased and reaches a
lower tensile strength.

Discussion

As already mentioned, our filaments are stronger and stiffer than previously
reported materials made from CNF as can be seen in Figs. 1b and 6e, which
show the specific ultimate strength, strain-to-failure and Young’s modulus.
This cannot be an effect of variations of the CNF raw material since one of
the previously reported results (marked with a filled triangle in Figs. 1b) was
produced using identically prepared CNF.

From Tab. 2 it is clear that the filaments from cases C and D have lower
structural order compared to cases A and B. Thus, two different ways of control-
ling the alignment are demonstrated. In case C, the sheath flow concentration
of ions is decreased, resulting in gelation further downstream where the order
is lower as shown in Fig. 4c, whereas in case D, the acceleration in the chan-
nel is decreased and consequently the resulting alignment is decreased as well.
The mechanical properties of the filaments from cases C and D are identical re-
gardless of the method by which the alignment was controlled. The less aligned
filaments have a lower stiffness; lower tensile strength but larger strain-at-break
compared to the filaments with more aligned fibrils.

Since case A was ejected into deionized water but cases B, C and D in a
NaCl solution, it is probable that there is more NaCl present in the filaments
from cases B, C and D. Since case B is as stiff, slightly weaker and has a larger
strain-to-failure compared to case A, it can be hypothesised that the presence
of salt weakens fibril-fibril interaction.

In fact, our filaments are as strong and stiff as strong cellulose pulp fibres at
almost the same mean fibril orientation. An important difference compared to
previously reported CNF-based filaments (Iwamoto et al. 2011; Walther et al.
2011) is that we form a gel thread in a well defined low shear environment
before further processing. Compared to the previous CNF-based filaments, the
filaments prepared by flow-focusing can be made considerably thinner.

Comparisons with filaments prepared from regenerated cellulose are also
in place. Figure 1b shows that our strongest filament is as strong as the, to our
knowledge, strongest commercially available cellulose filament, in spite of the
fact that the alignment of our filament is considerable lower (the Cordenka 700
filament consists of extremely aligned cellulose II crystals). The strength of
the Cordenka 700 filament is obtained in a highly optimised process including
advanced post treatment after spinning. An additional difference is that our
filaments consist of the naturally occurring (and approx. 150% stiffer (Nishino
et al. 1995)) cellulose I structure whereas the filaments from regenerated cellu-
lose result in the cellulose II structure.
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Regarding improvements of the mechanical properties, the possibilities of
additional treatment (e.g. drawing) during drying and of the dried filament
remains to be investigated. There might be considerable potential for further
improvement, as indicated by the impressive properties of the strongest cellu-
lose filament ever reported (Northolt et al. 2001). Note that the mechanical
properties of the highly optimised filaments prepared from regenerated cellulose
coalesce with the properties reported for cellulose fibres from pulp (the filled
red circular markers). At this point, it is also necessary to comment on the
ecological footprint of different raw materials for cellulose filaments. In order to
dissolve and regenerate cellulose, it is necessary to use organic solvents. With
CNF as the building blocks, the use of such solvents is avoided.

Thus, the full potential of CNF based filament have not been realised and
optimised post treatment is necessary in order to do so. The homogenous gel
thread could be a good starting point for such efforts. The only post treatment
used in the present work (drying from 0.3% solid content with fixed end-points)
can be seen to increase alignment since Fig. 4c shows that the maximum order in
the channel for cases A-C is 0.39 (and even lower at the, not exactly determined,
point of gelation) and the most aligned dry filaments have an order of 0.5 (cases
A and B in Tab. 2).

Summarising the conclusions, we have identified a scalable process that
produces homogeneous, smooth filaments with aligned nanofibrils from a low
concentration dispersion in water. The alignment is achieved by deforming a
flow stream of fibrils and the ability of the process is demonstrated by pro-
duction of cellulose filaments from a dispersion of cellulose nanofibrils. These
Cellulose I filaments have a specific ultimate strength and specific Young’s
modulus in line with natural cellulose pulp fibres at the same fibril alignment,
which is a considerable improvement compared to previously reported CNF
materials.

The properties of the filaments can be controlled by separating fibril align-
ment from gelation. A proper understanding of the underlying processes (flow
induced alignment and gelation due to decreased electrostatic repulsion between
the fibrils) is necessary in order to achieve this separation. In fact, the process
relies on subtle relationships between four timescales. In previously reported
work on production of filaments with flow focusing, the necessary separation
of timescales have not been at hand.

The properties of cellulose pulp fibres and filaments from dissolved cel-
lulose indicate that high performance filaments, comparable to glass fibres in
terms of specific strength and stiffness, can be achieved if the alignment is in-
creased further. The increased alignment must come from process optimisation
and/or post treatment. The Achilles’ heel is the subtle balance between the
governing timescales and the hydrodynamics of flow focusing. Thus, it is clear
that detailed and accurate modelling of the process is necessary if this is to be
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achieved. The reward for success is however substantial. In fact, an environ-
mentally friendly process producing the strongest man-made cellulose material
ever may be within reach.

Finally, a few comments on how our findings relate to spider silk and fil-
aments made by carbon nano tubes and/or graphene will be made. It has
previously been demonstrated that filaments inspired by spider silk can be
produced by flow focusing together with coagulation induced by a change of
pH (Kinahan et al. 2011). Until now, the reported strength properties of the
artificially made filaments have not reached the impressive values of natural
spider silk. In the context of filaments made by carbon nano tubes and/or
graphene (possibly mixed with polymers), the nano structure together with
fibril alignment is known to determine the properties (mechanical, electrical
and thermal) of the filament (Vigolo et al. 2000; Lu et al. 2012). Considering
these results in the light of our present findings, it might be possible to improve
and control the properties of both carbon nano tube and graphene filaments as
well as artifical silk by designing experiments where the identified timescales
are taken into consideration.

Methods

CNF and its preparation

Cellulose nanofibrils were prepared by liberating fibrils from bleached softwood
fibres (Domsjö dissolving, Domsjö AB, Sweden). Prior to liberation the fibrils
were carboxymethylated (Wågberg et al. 1987) to a degree of substitution of
0.1. The fibrils were then liberated from the fibre wall following a protocol
described elsewhere (Fall et al. 2011). Post liberation unfibrillated fibre frag-
ments were removed by centrifuging the dispersions at 4750 rcf. The protocol
generated a transparent dispersion with an approximate CNF concentration
of 1 g L−1. The dispersion was then allowed to evaporate under mechanical
stirring at room conditions to a concentration of 3 g L−1.

Flow setup

The flow setup consists of two syringe pumps (WPI, Al-4000), a flow focusing
channel and a bath. The two pumps transfer CNF and NaCl solution to the
channel, where the CNF-dispersion is focused, see Fig. 3e. The channel is milled
into a poly(methyl methacrylate) (PMMA) plate and sealed with a second
PMMA plate on top. In order to prevent leakage, two aluminum plates are
placed on either side and screwed together, see Fig. 3a-b. The channel has
a square cross section with the side h = 1 mm and the three inlets have the
length 45h, while the outlet is 50h. The outlet is submerged in a bath.
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Post treatment

A gel filament is produced from the channel and ejected into the bath. The
gel filament is then transferred to a water bath in order for the electrolyte to
diffuse out of the gel. After 24 h the gel filament is transferred to an Acetone
bath where it is fixed, after which the gel filament is taken out of the bath
and fasten in both ends to dry. After drying, the filaments are assumed to be
homogeneous cellulose materials and have a density (Eichhorn et al. 2010) of
1.5 g cm−3.

In situ Small Angle X-ray Scattering (SAXS) measurements

SAXS measurements were performed in a slightly modified flow setup, the
channel was cut out of a 1 mm thick stainless steel plate which was sandwiched
between two Kapton windows. CNF was used as core fluid while deionised
water was used as sheath fluid. Due to the long exposure times and limited
access to the experimental hutch, clogging prevented SAXS measurements with
gelation. The diffraction measurements were performed at the P03 beamline
(Buffet et al. 2012; Krywka et al. 2012) at the PETRA III storage ring at DESY
in Hamburg, Germany. SAXS measurements were performed in a transmission
geometry with an X-ray wavelength λ = 0.957 Å and sample to detector dis-
tance of 8422 mm. The beam size was 24 × 11 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 patterns.

The quantification of the SAXS patterns were performed by first trans-
forming the diffractogram into a rectangular image with the scattering vector, q
(defined as q = 4π sin(θ)/λ, where θ is the scattering angle), and the azimuthal
angle, φ, as coordinates. At each q-value the distribution was normalized with
the highest intensity. A background intensity was removed, under the assump-
tion that the highest oriented case did not have any particles aligned in the
direction perpendicular to the flow (the value at φ = 90 was set to zero), for
each q-value. The final orientation (intensity) distributions were then found by
taking the mean between 0.6 < q < 0.9 nm−1, for each measurement.

The alignment of the CNF was quantified by converting the orientation
distributions to the order parameter (van Gurp 1995), S, defined as:

S =

�
3

2
cos2 ϕ− 1

2

�
, (2)

where ϕ is the azimuthal angle in a diffractogram. Expanding the average
gives:

S =

� π

0
I(ϕ)

�
3

2
cos2 ϕ− 1

2

�
sinϕ dϕ, (3)
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which is normalised according to:
� π

0
I(ϕ) sinϕ dϕ = 1, (4)

where I(ϕ) is the intensity distribution along a constant q value.

Filament characterization

The polarized microscopy images in Fig. 4a and Fig. 5a were acquired using a
microscope (Nikon SMZ 1500) with a camera (Basler, piA1900-32gm), where a
light source (Schott, KL2500 LCD) was placed behind the channel and filament
in Fig. 4a and Fig. 5a, respectively. The polarization filters were oriented with
a 45◦ angle with respect to the flow in Fig. 4a and to the horizontal axis in Fig.
5a.

The tensile tests were carried out with a Deben Micro tester and a 50 N
load cell. The filaments were left in 50 % relative humidity and 298 K for 24
h, prior to the tensile tests, which were performed in the same environment.
The span length was 7 - 10 mm and the measurements were performed at 0.2
mm min−1. The cross section of each filament was assumed to be circular, and
determined with a light microscope. The number of samples was three (3) for
cases A and B and two (2) for cases C and D.

For the scanning electron microscopy, a 10 nm gold-palladium layer was
sputtered (Cressington Scientific Instruments ltd, UK) onto the surface of the
filament. The imaging of the filaments was performed by using a Hitachi S-
4800 Field Emission-Scanning Electron Microscope (Hitachi, Japan) operated
in the secondary electron imaging mode at an acceleration voltage of 1 kV.

The Wide Angle X-ray Scattering (WAXS) measurements were performed
at the P03 beamline (Buffet et al. 2012; Krywka et al. 2012) at the PETRA
III storage ring at DESY in Hamburg, Germany. WAXS measurements were
performed in transmission geometry and using three different optical configu-
rations. For the measurements performed across the filament (Fig. 5) an X-ray
wavelength of 0.809 Å and a sample to detector distance of 238 mm was used
and the scattering patterns were recorded using a CCD detector (Photonic
Science) with a pixel size of 91.8×91.8 µm2. The beam size in this case was
1.5× 1.2 µm2 (Horiz. × Vert.). The second configuration was to determine the
alignment inside the filaments from case C and D, here, the X-ray wavelength
was 0.827 Å and a sample to detector distance of 181.4 mm, with the same
detector and beam size as above. The measurements for the quantification of
the alignment of case A and B (Figs. 1 and 6) were performed at an X-ray
wavelength of 0.954 Å. The sample to detector distance was set to 104 mm and
the beam size was 24× 17 µm2. In this case a Pilatus 300k detector (Dectris)
whose pixel size is 172× 172 µm2 was used.

The alignment was quantified with the order parameter, S, in the same
manner as with the SAXS patterns. Here however, the distribution I(ϕ) is



Hydrodynamic alignment and assembly of nanofibrils 161

taken at the (200) reflection in the diffractogram. The resulting S-values were
converted back into an angle assuming the distribution to be a δ-function in
Eq. (2). The S-values given in the study by Sehaqui et al. (Sehaqui et al. 2012)
were converted into degrees in the same manner in order to compare with the
cellulose pulp fibres.

Rotational diffusion measurement

The rotational diffusivity, Drot, was estimated by a combination of flow ori-
entation and the polarized light setup. The fibrils of a CNF-dispersion were
aligned (by water) in the flow focusing cell. By stopping the flow (turning the
pumps off and plugging the exit) and measure the decay of the light intensity,
Drot could be estimated. Assuming a biaxial symmetry, the rotational diffu-
sivity Drot is related to the light intensity, I, the birefringence, ∆n, the depth
of the material, d as follows:

∆n = ∆n0 exp(−6Drott), (5)

where t is the decay time from when the flow has been stopped (Lim et al.
1985; Rosenblatt et al. 1985).

The measured intensity is then proportional to Drot as:

I ∝ (∆n)2 ∝ (exp(−6Drott))
2 = exp(−12Drott). (6)

In our case, Drot = 0.04 rad2 s−1 was obtained.
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The alignment of anisotropic nano-scale building blocks is crucial in order to
control the properties of for example a composite material. In this study, the
alignment process of cellulose nanofibrils in a flow focusing channel has been
investigated using small angle X-ray scattering and modeled using the Smolu-
chowski equation, which requires a known flow field as input. This flow field
was obtained experimentally using micro particle tracking velocimetry and nu-
merically applying the two-fluid level set method. The semi-dilute dispersion of
cellulose nanofibrils was modeled as a continuos phase with a higher viscosity as
compared to the water. Thus, the implementation of the Smoluchowski equa-
tion needed only one fitting parameter, namely the rotary diffusion coefficient.
Furthermore, the nanofibrils were found to align during the extension in the
flow focusing channel, whereafter the rotary diffusion acted on the orientation
distribution. The main features of the alignment and de-alignment processes
were well predicted by the model, even though the model over-predicted the
alignment at higher extension rates. The rotary diffusion coefficient was seen
to increase steeply as the degree of alignment was increased.

1. Introduction

In engineering materials composed of anisotropic components, the structure on
all scales, from nano to macro, influences properties of the bulk material (Cox
1952). Structural control of materials to be produced industrially and in large
quantities is a huge challenge, especially when detailed control of smaller scales
is necessary. For materials containing slender particles, such as carbon fibres
and wood fibres, the flow conditions during the manufacturing processes can
be used to control the structure. As an example, if highly anisotropic material
properties are wanted, it is well known that a slender particle aligns in the
flow direction in an extensional flow-field, see Jeffery (1922). However, when a
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semi-dilute dispersion of nano-scale anisotropic particles are stretched by a flow
the situation is not as intuitive due to more complex interactions (mechanical,
chemical and electrostatic), and in addition Brownian interactions must be
considered. In the simplest case all such interactions are modeled as a single
rotary diffusion (Doi & Edwards 1986), the approach chosen in this study.

Recently there has been an upswing regarding the interest in novel cellulose-
based materials (Olsson et al. 2010; Walther et al. 2011; H̊akansson et al. 2014).
Cellullose is the most abundant biopolymer on earth and the interest spurred
is partly due to the recent developments for large-scale production of strong
(3 GPa, Saito et al. (2012)) and stiff (120 GPa, Sakurada et al. (1962)) cellu-
lose nanofibrils (CNF) from wood, as described by Pääkkö et al. (2007). The
strength of CNF is thus comparable to glass fibres and has a stiffness similar to
Kevlar (Page et al. 1971; Page & el Hosseiny 1983; Eichhorn et al. 2010; Moon
et al. 2011; Saito et al. 2012; H̊akansson et al. 2014). Cellulose nanofibrils are
around 20 nm thick and a micrometer long and were originally liberated from
wood pulp using an energy expensive homogenizing process, see Turbak et al.
(1983). However, new chemical and enzymatic pretreatment processes of the
cellulose pulp have reduced the energy demand of the homogenization step by
up to 98%.

In order to utilize the full potential of the mechanical properties, the align-
ment of the fibrils in the final material is the key. Several studies have been ded-
icated to aligning CNF, for example Iwamoto et al. (2011) used a wet-spinning
technique by jetting a fibril-dispersion from a syringe into a coagulation bath
whereafter the coagulated gel was dried. By changing the flow rate, the dry
filament was shown to have different degrees of alignment. Sehaqui et al. (2012)
on the other hand made gel films that were stretched to different extents. In
a recent study by H̊akansson et al. (2014), the concept of flow focusing was
applied in order to produce filaments from highly aligned CNF.

The flow focusing geometry has been used extensively in the last two
decades with different aims: for example to mix (Knight et al. 1998), induce
chemical reactions (Kenis et al. 1999), produce droplets (Anna et al. 2003) or
manufacture filaments (Thangawng et al. 2009; Kinahan et al. 2011). In the
filament manufacturing field, most efforts are spent on controlling the shape of
the filaments, see Thangawng et al. (2009); Puigmarti-Luis et al. (2010); Boyd
et al. (2013). However, in a process where the goal is to optimize the mechan-
ical properties in a technical filament, the alignment of elongated polymers,
fibrions or fibrils is of outmost importance (Cox 1952). Among others, Pfohl
et al. (2007); Köster et al. (2008) and Shields et al. (2012) all observed that
elongated particles align in the flow focusing.

In the study by H̊akansson et al. (2014) ions were allowed to diffuse into
the dispersion after the alignment was achieved. This caused a dispersion-gel
transition, Fall et al. (2011), thereby locking the aligned structure. Although it
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was shown that this concept can be used to produce a filament, the potential for
further developments is very high. Specifically, the alignment of the fibrils in
the dry filaments should be possible to improve (35◦ was the highest alignment
shown), but this clearly needs an improved understanding of the mechanisms
affecting the alignment process.

In this paper, the combination of experiments, simulations and calcula-
tions are used to study the alignment of these stiff elongated particles in an
extensional flow. The specific aim is to optimize an environmentally friendly
hydrodynamic spinning process (H̊akansson et al. 2014) by increasing the align-
ment of the fibrils, in order to make stronger and stiffer bio-based filaments.
A model to describe the alignment process would result in that less of the ex-
pensive experimental work is needed for the optimization as well as providing
insights in the physics of the process. Here, a model assuming fibril rotations
from the flow according to Jeffery (1922) and a rotary diffusion acting against
any preferred alignment as presented by Doi & Edwards (1986), is implemented.
To validate the model, the alignment and de-alignment in the channel is mea-
sured in two series of the expensive and time consuming synchrotron small
angle X-ray scattering experiments, where one of the series were presented by
H̊akansson et al. (2014). The flow field is necessary as input for the model
and therefore the flow is measured with micro particle tracking velocimetry
and simulated by the level set method in COMSOL Multiphysics. The fibrils
are modeled as stiff inertial-free Brownian elongated particles that do not af-
fect the flow field locally. The model is proven to capture the alignment and
de-alignment behaviour of the fibrils by fitting the rotary diffusion coefficient.
However, at higher extension rates the assumption that the rotary diffusion is
only weakly dependent on the orientation is seen to fail and it is postulated to
be due to the combination of the semi-dilute concentration and surface charge
on the fibrils.

2. Experimental and numerical methods

Three different experimental setups have been used in this work, namely: Po-
larized Optical Microscopy (POM) in order to visualize the fibril orientation,
Small Angle X-ray Scattering (SAXS) to quantify fibril orientation and micro
Particle Tracking Velocimetry (µPTV) measuring fluid velocities. The setups,
see figure 1, were used individually with only minor adjustments of the flow de-
vice in order to be compatible with the different measurement techniques. The
Smoluchowski equation was solved numerically with a rotary diffusion coeffi-
cient and the flow field as input parameters. The rotary diffusion was treated
as a fitting parameter while the flow was simulated in COMSOL using the Level
Set Method.
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Figure 1. Schematics of the experimental device in a and b.
The Coordinate system defined in c and the full experimental
setups for POM and SAXS are displayed in d.
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Figure 2. The black dots are shear viscosity measurements
of the CNF dispersion at pH 7 and the red line is a Carreau
fit to the measurements.
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2.1. The cellulose nanofibril dispersion

Cellulose nanofibrils (CNF) were liberated from cellulose fibres as described by
Fall et al. (2011). The final dispersion had a concentration c = 3 g/L consisting
of fibrils having a diameter of d ≈ 10 – 40 nm and a length of l ≈ 1 – 2 µm. The
surface charge of the fibrils was obtained through carboxylmethylation prior to
liberation, see Wågberg et al. (1987). In order to correctly predict the fluid flow
in the device, an approximation of the shear viscosity is needed. A rotational
shear viscometer (Brookfield, LVDV-II + Pro) was used to characterise the
shear viscosity of the dispersion, and the results are presented as black dots in
figure 2. The red line in figure 2 corresponds to the best fit to the Carreau fluid
model presented in equation 1 below, where ηeff is the viscosity, γ̇ is the shear
rate, η0 is the viscosity at zero shear rate, ηinf is the viscosity at infinite shear
rate, τ is the relaxation time and n is the power index in the assumption:

ηeff (γ̇) = ηinf + (η0 − ηinf )(1 + (τ γ̇)2)
n−1
2 . (1)

The best fit yielded ηinf = 15.3 mPa s, η0 = 63.4 mPa s, τ = 39.8 s and
n = 0.48. As can be seen in figure 2, the dispersion is shear thinning and
according to the Carreau model the dispersion assumes a constant viscosity at
high and low shear rates corresponding to 63 mPa s and 15 mPa s, respectively.

2.2. Flow focusing device

The term flow focusing is usually used to refer to a channel system consisting of
four channels, three inlets and one outlet, see figure 1a. Fluids are transported
in the three inlets towards a four-way intersection (focusing) where the core
flow is focused by the two sheath flows at the intersection. In this experiment,
a fibril-water dispersion is focused by a water sheath flow.

The flow focusing device used in this study is shown in figure 1b, where a
h = 1 mm thick slit is cut out of a 1 mm thick steel plate. To encapsulate the
channel and allow optical access, two transparent plates were placed on either
side of the steel plate. These were made of poly(methyl methacrylate) PMMA
in the POM experiments and Kapton in the SAXS experiments. The Kapton
was necessary in the high intensity X-ray environment, while the non-polarizing
PMMA was suitable for the POM experiments. Furthermore, to keep the
channel and windows in place outer layers made from aluminum plates with 20
holes (threaded on one of the plates) were used. The sandwiched construction
was sealed with 20 screws.

Two syringe pumps (WPI, Al-4000) were used to transfer the liquids (water
and CNF dispersion) from syringes to the channels at constant mass flow rates.
The core flow rate Q1 = Qcore = 6.5 mm3 s−1 was kept constant, while two
sheath flow rates were used: Q2 = Qsheath = 7.5 and 15 mm3 s−1. With the
kinematic viscosity of water at 20◦C equal to ν = 1×10−6 m2 s−1 the Reynolds
number of the core becomes: Recore = Qcore/hν = 6.5.
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2.3. Orientation measurements

The alignment of the nanofibrils in the flow focusing device was visualized with
polarized light and quantified with synchrotron small angle X-ray scattering.

2.3a. Polarized Optical Microscopy, POM. Since the dispersion consists of high-
ly elongated particles (the fibrils) where all dimensions but one are significantly
smaller than the wavelength of visible light, they are hard to detect. However,
this makes the fibrils birefringent and thus the variations in orientation distri-
bution can be visualized using Polarized Optical Microscopy (POM), described
for example by Hecht (2002). The setup used in the experiments is illustrated
in figure 1c, and consists of a light source (Schott, KL2500 LCD), two polar-
ization filters and a camera (Basler, piA1900-32gm) mounted on a microscope
(Nikon, SMZ 1500). A first polarization filter was placed between the light
source and the channel and a second filter between the channel and the mi-
croscope. Without the channel between the two polarization filters, and the
polarization directions of the two filters at 90◦ with respect to each other, no
light will pass through to the camera. However, if a birefringent sample is put
between the filters, the sample can shift the polarization of the light allowing
it to pass through the second filter and thus to be detected by the camera.
The fibril dispersion becomes more birefringent as the fibrils align and in order
to highlight this alignment in the z-direction, the filters were rotated 45◦ with
respect to the z-direction. Images of the fibrils in the flow will be presented
and qualitatively a higher light intensity means a higher degree of alignment.

2.3b. In-situ Small Angle X-ray Scattering (SAXS). Small Angle X-ray Scat-
tering (SAXS) measurements were performed in-situ in the flow device. The ex-
periments were performed in a transmission setup at the P03 beamline (Buffet
et al. 2012) at the synchrotron PETRA III (DESY) in Hamburg, Germany. The
setup is sketched in figure 1d where an X-ray beam with wavelength λ = 0.957 Å
and beamsize 24 × 11 µm2 (Horiz. × Vert.) was allowed to pass through the
centre of the channel at different downstream positions. A single-photon count-
ing detector (Pilatus 1M, Dectris) with pixel size 172 × 172 µm2 was placed
at a distance of 8422 mm from the flow device. A typical scattering pattern
(diffractogram) is shown in figure 2a, where the horizontal blue lines represent
positions where no pixels are located in the detector and where the colour scale
is logarithmic. A beam stop is placed in the centre to stop the high intensity
X-ray beam and the circular shadow is due to the vacuum tube running from
approximately 300 mm after the flow device to approximately 100 mm before
the detector.

When the X-ray beam hits the fibrils, the fibrils scatter the X-rays resulting
in constructive interference if the length, d, between the fibrils fulfill Bragg’s
law: d = λ/(2 sin ζ/2). Since the detector is two-dimensional, the orientation
distribution of the fibrils in the plane of the detector, for a given d, is related
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to a scan along the azimuthal direction at the radial position (q) corresponding
to that d. The 180 degree symmetry makes it possible to use data from from
other parts of the diffractogram at locations were data is missing due to the
beam stop or lack of pixels.
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Extraction of the orientation distributions, ΨSAXS (φ), is performed by
transforming the diffractogram from the Cartesian coordinates to the azimuthal
and radial coordinates φ and q = 4π sin(ζ/2)/λ, which is displayed in figure
2b. The intensity scale is linear and each column is scaled with the maximum
intensity. Now, each column represents the orientation distribution at a certain
q, and in figure 2c the mean of every ∆q = 0.027 nm−1 between the two white
lines at q = 0.39 and 1.08 nm−1 are shown. The mean of q = 0.39− 1.08 nm−1

are shown with a red line.

A background diffractogram, where the flow conditions are the same but
where only water is fed into the core channel, is subtracted from all experiments.
Due to noise the distribution must be normalized even further in order to
extract the data. Here, all orientation distributions are normalized according
to the two assumptions that all measurements contain the same number of
fibrils and that there are no fibrils with an orientation of 90◦ at the position of
highest alignment (z/h = 2, Q2/Q1 = 2.3).

2.4. Particle rotational theory and the Smoluchowski equation

With the purpose of computing the orientation distribution evolution of the
fibrils in the channel as the fibrils are extensional flow on the centreline, the
Smoluchowski equation is solved. The Smoluchowski equation is a diffusion
equation for the fibril orientation distribution Ψ described in Doi & Edwards
(1986), with an extra force term originating from the fluid flow. In this study,
the translational diffusion is neglected and the Smoluchowski equation on the
form:

DΨ

Dt
= �D̂r · �Ψ−� · ωΨ, (2)

is considered. Here, Ψ(r,p, t) is the orientation distribution, which is dependent
on position, r, orientation described by the unit vector, p, and time, t. The
rotary diffusion coefficient is denoted D̂r(p), ω is the angular velocity of the
fibril and � is the rotational operator

� = r× ∂

∂r
. (3)

The orientation distribution along the centreline with symmetry for all θ
is considered and the coordinate system is defined in figure 1c. Assuming the
fibrils to be rigid and inertial free and w to be the velocity in the z-direction,
the the non-dimensional Smoluchowski equation becomes

w∗ ∂Ψ

∂z∗
=

1

sinφ

∂

∂φ

�
D̂∗

r sinφ
∂Ψ

∂φ
− sinφφ̇Ψ

�
(4)

where the superscript (∗) indicates a non-dimensionalized quantity, scaled with
w and h. The orientation distribution, Ψ, is normalized according to

� π

0

� π

0
Ψ sinφ dφ dθ = 1, (5)
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which gives the isotropic distribution

Ψiso =
1

2π
. (6)

The rate of change of the fibril orientation, φ̇, obtained from the torque
equations in the paper by Jeffery (1922), is in this axisymmetric flow given by

φ̇ =
∂φ

∂t∗
= −∂w∗

∂z∗

�
r2p − 1

r2p + 1

�
3

2
cosφ sinφ. (7)

The rotary diffusion constant, D̂r, is highly dependent on the concentration
of fibrils, i.e. if the fibrils interact with other fibrils during their rotation or if
they rotate freely. In this study, the system is in a semi-dilute state, meaning
that mechanical, hydrodynamical and possibly electrostatic interactions are
important. The first two have been studied analytically for rigid polymers by
Doi & Edwards (1986); Doi (1975); Doi & Edwards (1978). Starting from the
dilute case, the rotary diffusion constant, Dr0, was obtained by Doi & Edwards
(1986) by applying Kirkwood theory (Kirkwood & Auer 1951) and found to be

Dr0 =
3kBT (2ln(2rp)− 1)

16πηsa3
, (8)

where kB is Boltzmann’s constant, T is the temperature, rp is the aspect ratio,
a is the half length of the fibril and ηs is the viscosity of the solvent. For a
semi-dilute case, the rotary diffusion constant increases due to particle-particle
interactions and a concentration dependent formula was derived by Doi (1975);
Doi & Edwards (1978) based on the tube model resulting in

Dr = βDr0(nl
3)−2. (9)

Here, n is the number of fibrils per unit volume and β is a constant ranging
from unity to 103 that needs to be determined experimentally (Doi & Edwards
1986). The final step is to account for the orientation of the fibrils. The reason
for this is that if fibrils are aligned, they will not interact with the neighbouring
fibrils. This is also described in Doi & Edwards (1986) and the rotary diffusion
constant, D̂r, is finally

D̂r(p) =Dr

�
4

π

�
dp�|p× p�|Ψs(p

�)

�−2

=

=Dr

�
8

� π

0

� π

0
Ψs(φ

�) sinφ� |(− cosφ sinφ� sin θ�)p̂1+

(cosφ sinφ� cos θ� − sinφ cosφ�)p̂2 + (sinφ sinφ� sin θ�)p̂3| dφ�dθ�
�−2

,

(10)



178 K. M. O. H̊akansson et al.

where Ψs is the orientation distribution of the surrounding fibrils. Note that
the electrostatic interactions are not taken into consideration. During the cal-
culations the following values where used: c = 0.003, l/2 = a = 1 µm, rp = 100,
ηs = 1 mPa s, kb = 1.3× 10−23 and T = 293 K. Equation 4 was solved numer-
ically with periodic boundary conditions in φ using MATLAB.

2.5. The order parameter, S

In order to compare the fibril alignment and orientation distributions in the
experiments with the computations by a single number, an order parameter,
S, is used. The order parameter is defined in equation 11 as described in van
Gurp (1995) as the mean of the second order Legendre polynomial, P2.

S = �P2(cosφ)� =
�
3

2
cos2 φ− 1

2

�
(11)

This order parameter is a measure of the alignment of elongated particles in
the z-direction, where S = 1 when all fibrils are aligned in the z-direction and
S = 0 when the distribution is random. Expanding the mean results in the
equation

S =

� π

0
Ψ(φ)

�
3

2
cos2 φ− 1

2

�
sinφ dφ

� π

0
dθ, (12)

used to calculated S with the normalization according to
� π

0
Ψ(φ) sinφ dφ

� π

0
dθ = 1. (13)

2.6. Velocity measurements and flow field simulations

The fluid velocity along the centreline in the channel, wc(z), is needed as input
to the Smoluchowski equation. Even though the flow is laminar, it is non-trivial
to determine the flow field, not only due to the non-zero Reynolds number, the
3D geometry of the channel, the viscosity ratio and interface between water
and the fibril dispersion, but also due to the non-Newtonian behaviour of the
dispersion. In order to determine the rate of extension on the centreline of
the channel, the flow velocity was measured with a micro particle tracking ve-
locimetry, µPTV, technique and combined with a two-fluid 2D simulation in
COMSOL. Furthermore, a simplified 2D simulation is both faster and results
in smooth velocity fields as compared with the experiments, hence, the experi-
ments are used to validate the simulations, which in turn are used as input for
the particle rotation calculation.

2.6a. Micro Particle Tracking Velocimetry, µPTV. The velocity of the core
fluid in the channel was studied using Micro Particle Tracking Velocimetry,
µPTV, which is an imaging technique based on identifying and tracking indi-
vidual particles in the flow. If the time between images is known the velocity
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Figure 4. Image sequence illustrating the µPTV procedure.
Background image in the channel in a and three consecutive
images in b-d, where three particles are marked with red cir-
cles.
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can directly be calculated. The method assumes that the particles are small
enough to follow the flow as passive tracer particles, and in this experiment
polyamid seeding particles with 20 µm diameters from Dantec dynamics were
used. A low concentration of particles was mixed with the CNF dispersion and
image sequences were captured at frequencies, f = 50 and 100 Hz, with an
exposure time of 3 ms. The particles were identified by the method described
by Carlsson et al. (2011) and a simple PTV algorithm was developed and is
described below.

The algorithm stepped through all (n) particles with positions (zij , y
i
j) (j =

1, ..., n) in image i. First selecting particle p, and checking at all positions
zi+1 > zip and yi+1 = yip ± 3.5 pixels in the next image (i + 1) in order to
find the same particle. If a match was found, the difference in pixels is ∆z =
zi+1
p −zip. The last criterion was to search for a particle in a third image (i+2)
at 2∆z × 0.9 < zi+2 < 2∆z × 1.1 and yi+2 = yip ± 3.5. The 10 % tolerance
allows accelerating particles. If the last criterion was fulfilled, the velocity was
calculated from ∆z, the frequency of the image acquisition, f , and the number
of pixels per length at the position zip +∆z/2.

A background image at the region of extensional flow is displayed in figure
4a and three consecutive example images are seen in figure 4b-d, where the
background has been removed. In figure 4b-d, the detected particles are marked
with red circles.
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Figure 5. Absolute velocity field, where blue is low and red is
high is shown in a. The red line indicates the interface between
the two phases. The numbers indicate downstream positions
where all numbers are normalized with h. Velocity profiles are
shown in b, at the different downstream positions indicated
in a. The black full line in b is the analytical solution to the
steady state Navier-Stokes of a two phase pipe flow and the
vertical dashed lines (analytical in black and simulation in red)
represent the interface between the two phases.
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Figure 6. Velocity error between the analytic and the simu-
lated centreline velocity in % versus grid points in a and versus
the level set interface parameter � in b.
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2.6b. COMSOL Multiphysics and the level set method. The incompressible
Navier-Stokes equations for momentum and mass conservation were solved nu-
merically with COMSOL Multiphysics 4.4. In order to treat two different
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fluids the reinitialized level set method was used, see Olsson & Kreiss (2005).
A smooth level set function χ is introduced which is equal to 1 in one fluid and
0 in the other fluid. Close to the interface the function smoothly varies from 1
to 0 and the interface is taken where χ = 0.5. The interface travels with the
fluid speed on the interface and the equation describing this is

∂χ

∂t
+∇ · χu+ σ

��
∇
�
χ(1− χ)

∇χ

|∇χ|

��
− �∇ ·∇χ

�
= 0, (14)

where the thickness of the interface layer is proportional to � and the amount of
re-initializations are determined by σ, which is set to be equal to the maximum
speed in the simulation (small changes to this parameter did not change the
solution). The interface parameter, �, was adjusted along with the grid size in
order to study the convergence of the simulations.

In order to simulate the velocity field in a flow focusing device as inexpen-
sively as possible, a 2D axisymmetric geometry (pipe) was used. The geometry
is displayed in figure 5a were the top edge represents the axis of symmetry.
The boundary conditions were set to laminar inflow at the lower and the left
inlets while a zero pressure was set at the outlet (right edge). No-slip was
implemented at all other boundaries and a small curvature (radius of 10−5 m)
was implemented at the corners. The cross section of the pipe was matched to
that of the flow focusing device, resulting in a diameter, dpipe = 2h/

√
π, where

h = 1 mm. The sheath inlet was set to have the width equal to h and all mass
flow rates were matched with the experiments. An inlet length of 1.5h was seen
to be sufficient and the outlet channel was 5.5h long.

The Navier-Stokes equations are possible to solve analytically for a fully
developed two-phase core annular pipe flow, see Tritton (2005). The full black
curve in figure 5b represents this solution, where the boundary between the two
fluids are presented with the black dashed line in the same figure. The evolution
of the velocity profiles are seen in figure 5b where each profile corresponds to
one downstream location, highlighted in figure 5a, in the flow focusing device.
The blue line (z/h = 0) represents the position where the sheath flow chan-
nel starts and the subsequent numbers thus represents the number of channel
widths h downstream of the start of the focusing. The velocity profile is seen
to approach the analytical solution downstream of the focusing and the ratio
between the analytical, wc,analytic , and simulated centreline velocity, wc,sim ,
is used to evaluate the convergence of the numerical solution. Figure 6a and
6b represent the velocity error (1 − wc,sim/wc,analytic) versus grid points and
level set interface parameter, �, respectively. The velocity on the centreline at
z/h = 3.5 was used, where each colour represents one grid and the difference
between two dots with the same colour is that � was varied. From figure 6b
it can be seen that it is the level set parameter that is controlling the con-
vergence. The simulation results presented have � = 4 µm and 262.000 grid
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points, resulting in an error less than 1 %. It should be noted that the mass
flow error always is less than 0.015 %.

3. Results and discussion

The alignment of a semi-dilute cellulose nanofibril dispersion in a flow focusing
device (extensional flow) is investigated experimentally and modeled with the
Smoluchowski equation. Modeling the evolution of the orientation requires the
flow as an input, which is why the velocity along the centreline first needs to be
determined. When the flow is known, the model can be tested and compared
to the SAXS (orientation) experiments.

This section is divided into two parts, where the first part describes and
discusses the velocity measurements and simulations, while the second part is
focused on the alignment experiments and calculations.

3.1. Velocity experiments and simulations, µPTV and level set

Figure 7 shows the centreline velocity, wc, in the channel for different viscosities
of the focused fluid together with a non-Newtonian viscosity model, from the
2D axisymmetric simulations. The velocities have been normalized with the
centreline velocity before the focusing step, wc,start = 0.0131 m s−1 and all
viscosity units are in mPa s. The five cases shown are: ηcore = 1, 15, 40, 65 mPa
s together with the best fit of the non-Newtonian Carreau model. The velocity
is seen to decrease significantly as the viscosity of the core fluid is increased
from 1 to 15 mPa s, a result due to that the shear stress must be equal on
both sides at the interface. Another effect of the viscosity increase is that the
extension stretches over a longer distance downstream, from being significant
in a region less than one channel height to being significant for approximately
two and a half channel heights when ηcore = 65 mPa s. Further increasing the
viscosity only leads to minor changes, as do the addition of the non-Newtonian
shear thinning (Carreau) model. It should however be noted that the inlet
velocity is lower for the non-Newtonian case, due to the non-parabolic velocity
profile.

The velocity distributions in the channel was also experimentally investi-
gated by µPTV for two different velocities, as validation for the simulations. In
figure 7b the velocity of all particles identified as function of downstream posi-
tion is presented, along with the non-Newtonian (green) and ηcore = 40 mPa s
(blue) simulation cases. The red line represents the mean of the experiment
and the errorbars indicate the rms. The simulation with ηcore = 40 mPa s, is
a good fit of the mean experimental data. Keeping in mind that the experi-
mental device has a square cross-section while the simulation geometry is an
axisymmetric pipe albeit with the same cross sectional areas, this agreement is
very satisfactorily. In the µPTV experiments the velocity directly upstream of
the extension zone represents the average of the velocity profile since the mea-
surement will integrate throughout the channel. Hence, the measured veocity
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ferent viscosities of the core flow as function of downstream
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are simulated velocities from the Carreau and ηcore = 40 mPa
s cases, respectively. The red lines and black errorbars are re-
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flow focusing device.
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is expected to be lower than the velocity obtained in the simulations, which
also can be observed in figure 7b. This discrepancy should diminish when the
velocity profile is flat, which from figure 5b clearly is the case for z/h = 0.5.
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Figure 8. The alignment is visualised by polarized light in
a where more light indicates more alignment. b, Absolute
order of the fibrils in the flow focusing device by small angle
X-ray scattering, at the positions marked with blue and red
dots in a. c, SAXS diffractograms from the positions marked
with red dots in a and b, where the red ellipse represent a
constant intensity. The figure is a slightly modified version of
a previously published figure in the paper by H̊akansson et al.
(2014).

3.2. Orientation measurements, SAXS

In the paper by H̊akansson et al. (2014) the alignment of cellulose nanofibrils
as a function of downstream position was quantified by the order parameter
S for one flow-rate ratio, see figure 8b. The images in figure 8c are SAXS
diffractograms obtained at different downstream positions as indicated by the
red dots in figure 8a-b. The red ellipses in figure 8c indicate levels of constant
intensity, and the relation between the semi-principal axes is a footprint of the
local mean fibril orientation at the given position. The ellipse initially becomes
more circular from the first to the second diffractogram in 8c, whereafter the
ellipse gradually becomes more elongated from the second to the fifth diffrac-
togram. Figure 8a displays a POM image, where higher fibril orientation results
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in increased birefringence, giving a higher intensity in the image. It should be
noted that the horizontal scale is the same in figure 8a and 8b and the location
of the measurement points in 8b are displayed in 8a.

Upstream of the focusing at z/h < 0 the orientation distribution of the
fibrils is not isotropic, but a slight alignment in the flow direction (S ≈ 0.18)
can be detected. This alignment is due to the shear close to the channel walls,
inducing a rotational motion of elongated particles with the mean orientation
in the flow direction. It is important to emphasize that the fibrils will have a
tendency for flipping in a shear flow and are not steady, in spite of the slight
mean alignment. In figure 8a, the shear alignment is visualized by a higher
light intensity close to the wall upstream of the focusing.

The alignment observed in figure 8b is increasing as the velocity is increas-
ing in the interval 0 < z/h < 2, remember figure 7. Thereafter, when the
velocity has assumed a constant value, the fibrils de-align due to a Brownian
diffusion.

3.3. Particle rotation calculations, Smoluchowski equation

Figure 9 shows the same experimental points as in 8b along with the order
parameter evolution (solid lines) from solutions of equation 4. The three differ-
ent solutions seen in 9a correspond to three different flow simulations, namely:
ηcore = 1, 40 mPa s and the Carreau case. The most interesting thing to notice
here is the location of the maximum, which is shifted downstream as the vis-
cosity, ηcore, is increased from 1 mPa s to 40 mPa s. It can also be seen that the
Newtonian case with ηcore = 40 mPa s fits better than the non-Newtonian Car-
reau model, which is not surprising since the ηcore = 40 mPa s better represents
the measured flow in the channel, see figure 7b.

The rotary diffusion coefficient is difficult to predict by first principles in
the semi-dilute regime, and a fitting parameter, β, must be introduced which
varies from 1 to 103 depending on the concentration, see Doi & Edwards (1986)
for details. In figure 9b different values for the fitting parameter, the rotary
diffusion coefficient,Dr, is presented where the centreline velocity was extracted
from the ηcore = 40 mPa s simulation. As Dr is increased, the diffusion is
increased and the fibrils are de-aligned faster.

3.3a. Increased rate of extension. In figure 10 the experimental orientation at
different downstream positions for two flow-rate ratios, Q2/Q1 = 1.15 and 2.3,
are presented, together with the calculations with β = 140 (Dr = 0.35 rad2

s−1) adjusted to fit the milder extension. The calculation with the centreline
velocity from the 2D, two-fluid simulation gives a good prediction of the actual
alignment evolution as long as the rotary diffusion is fitted. However, this
rotary diffusion is here seen to not be universal, since the alignment for the
Q2/Q1 = 2.3 case overshoots significantly. This overshoot could possibly be
due to a stronger orientational effect ofDr than that given in equation 10, which
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results as in figure 8.
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in turn could be due to the surface charge on the fibrils. The surface charge has
not been accounted for in any way in the calculations. On the other hand, the
hypothesis that the alignment is to a first order only dependent on a force from
the flow and a rotary diffusion is confirmed. However, in order to understand
the alignment fully and find a description independent of fitting parameters,
the Brownian rotary diffusion must be better understood, in particular the
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Figure 10. Order parameter versus downstream position in
the flow focusing device for two extensions. Red and blue
dots along with the red line are the same as in figure 9, while
the pink dots are experiments for a doubled sheath flow rate.
The green line is a numerical solution with a simulation with
increased flow rates but with the same rotary diffusion as the
lower extension. b, c, Polarized light visualizations of the two
extensions and the locations at were the SAXS measurements
were performed. More light corresponds to a higher degree of
alignment.

effect of increased orientational order in a semi-dilute dispersion consisting of
surface charged elongated particles.

3.3b. Rotary diffusion, Dr. It is clear that there is a resistance to further align-
ment in the process, and the resistance seems to increase as the alignment is
increased. The diffusion coefficient dependence described in Eq. 10 is clearly
not enough to describe this resistance.

In this paper three different measurements of the rotary diffusion, Dr, will
be presented and compared. In the paper by H̊akansson et al. (2014), the ro-
tary diffusion was measured to be 0.04 rad2 s−1, obtained by instantaneously
stopping the flow and measure the decay of the POM signal. It is suggested
that this result should be viewed as the lower limit, since if the flow does not



188 K. M. O. H̊akansson et al.

!0.1 0 0.1 0.2 0.3 0.4
0

0.1

0.2

0.3

0.4

0.5

S

D
r

 

 

SAXS
Shear Visc
Flow Stop

Figure 11. Rotary diffusion coefficient, Dr, measured in
three different experiments a different order. The red dot is
taken from H̊akansson et al. (2014), the blue dot is from figure
2 and the black dots are results of fitting the Smoluchowski
equation to the SAXS experiments.

stop immediately, a lower value than the true value will be observed. A sec-
ond way of measuring Dr is by a rotary viscometer as described by Tanaka
et al. (2014), where Dr = γ̇crit/6 and γ̇crit is the shear rate where viscosity
starts to decrease, from figure 2 the approximate value of Dr = 0.17 rad2 s−1

is extracted. A third measure of the rotary diffusion is carried out by fitting
the above described numerical calculation (Smoluchowski equation) to the ex-
perimental measurements. This was performed after the extension, since Dr is
the only fitting parameter in this region. Two consecutive SAXS measurement
points are used to find Dr at different degrees of alignment.

Results from all three measurement techniques are presented in figure 11
versus the order parameter. The red dot corresponds to the flow stopping ex-
periment, the blue dot is taken from the viscosity measurement and the black
dots are extracted from the SAXS experiments. The data indicates that the
diffusion increases as the alignment increases and it seems as if the increase is
stronger at higher degrees of alignment. By utilizing this measured behaviour
of Dr, a better agreement between experiment and simulation at higher exten-
sions should be able to be achieved. It should however be remembered that the
assumption was that all effects are included in the rotary diffusion, which may
not be true. By adding another term to the Smoluchowski equation contain-
ing for example a potential (Doi 1981), the resistance to alignment at higher
orientation could be described more physically, which in turn could help to
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predict the orientation in the channel at a higher extension rates. It is clear
that further studies needs to be performed, both numerical and experimental.

4. Conclusions

The present work has been performed in order to enable further optimization
of a promising process for filament production with the final goal to create
a filament with fully aligned fibrils, see H̊akansson et al. (2014). Specifically,
a numerical model for fibril alignment is presented and the predictions are
compared with experimental observations.

• A model for the coupling between the flow extension and fibril orienta-
tion in a flow focusing device has been presented and evaluated.

• The model assumes a fibril rotation according to Jeffery (1922) together
with an unknown rotary diffusivity.

• The calculated flow velocity variations agrees very well with µPTV mea-
surements.

• The fibril alignment is measured with SAXS and it is demonstrated that
the model captures the evolution of the fibril alignment.

• In spite of these achievements, it is clear that improved knowledge re-
garding rotation of surfaced charged fibrils in a semi-dilute dispersion
(forced and diffusive) is critical in order to obtain models that can be
used for process optimization.
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Köster, S., Evans, H. M., Wong, J. Y. & Pfohl, T. 2008 An in situ study of
collagen self-assembly processes. Biomacromolecules 9, 199–207.

Moon, R. J., Martini, A., Nairn, J., Simonsen, J. & Youngblood, J. 2011 Cel-
lulose nanomaterials review: structure, properties and nanocomposites. Chem.
Soc. Rev. 40 (7), 3941.

Olsson, E. & Kreiss, G. 2005 A conservative level set method for two phase flow.
J. Comput. Phys. 210, 225246.

Olsson, R. T., Azizi-Samir, M. A. S., Salazar-Alvarez, G., Belova, L.,
Ström, V., Berglund, L. A., Ikkala, O., Nogues, J. & Gedde, U. W.
2010 Making flexible magnetic aerogels and stiff magnetic nanopaper using cel-
lulose nanofibrils as templates. Nat. Nanotechnol. 5, 584–588.
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1 Wallenberg Wood Science Center,
KTH Royal Institute of Technology, SE–100 44 Stockholm, Sweden
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In any filament manufacturing process, a key sub-process is the alignment
of the elongated polymers or particles that constitutes the final filament. A
flow focusing device was used to align and assemble cellulose nanofibrils into
anisotropic filaments, [H̊akansson et al. 2014 Nat. Commun. 5, 4018]. The
process was shown to successfully reproduce the properties of wood fibres.
However, the process could not be run continuously for more than a few seconds
due to clogging and only produced filaments with rather low alignment. Here,
a double focusing device is shown to solve the clogging problem and at the
same time produce filaments with higher anisotropy and thinner diameters.
Two man made cellulose I filaments was then tied into a knot, visualising the
potential for weaving applications.

1. Introduction

Wood fibres consist of cellulose nanofibrils (CNF), hemicelluloses and lignin,
where the cellulose is the building block that gives the wood fibre its high
strength and stiffness (Eichhorn et al. 2010; Moon et al. 2011). The nanofibril
itself has a stiffness of 130 GPa (Sakurada et al. 1962) and an ultimate strength
measured to be at least 3 GPa by Saito et al. (2012). By controlling the
orientation of the nanofibrils in each fibre, the tree optimizes each fibre for
different parts of the tree (Page et al. 1971; Page & el Hosseiny 1983; Eder
et al. 2013).

In order to produce strong and stiff filaments from CNF, the fibrils should
all be aligned in the direction of the filament. One procedure to produce
filaments, which is similar to the traditional wet spinning, is to eject a dispersion

195



196 K. M. O. H̊akansson et al.

or gel from a syringe into a coagulation bath, as was done by Iwamoto et al.
(2011); Walther et al. (2011). It was shown by Iwamoto et al. (2011) that
the alignment of fibrils in a dry filament could be increased by increasing the
flow rate, which increases the shear in the syringe causing a stronger alignment.
However, the shear is not uniform in such pipe flows, see e.g. (Tritton 2005), and
the shear also induces a flipping motion of the fibrils, (Jeffery 1922), resulting
in the skin core effect (different alignment through the cross section of the
filament). Furthermore, the strengths obtained has been lower than the fibres
from wood at the same fibril orientation and at high shear rates, the strength
of the dry fibre reached a plateau.

Recently, H̊akansson et al. (2014) proposed a new filament assembly process
using the nanofibrils to recreate the properties of the wood fibre at the same
fibril alignment. The principle behind the method is to start from a dispersion
of surface charged fibrils, where the fibrils are free to move and rotate, align
the fibrils with hydrodynamic forces and finally lock the aligned structure by
reducing the surface charges. This is accomplished in a flow focusing device,
which consists of three inlets and one outlet, see figure 1a. The three inlets are
the core flow and two sheath flows. Here, the fibrils are dispersed in the core,
while the sheath flows carry ions, Na+ and Cl− in the study by H̊akansson
et al. (2014) and H+ and Cl− in this study. At the focusing of the three flows,
the core flow is extended/accelerated, and since the fibrils are elongated they
will align in the flow direction due to this extension (Jeffery 1922; Pfohl et al.
2007; H̊akansson et al. 2014).

During and after the extension, the ions in the sheath flows diffuse into
the core which will start a gelation process due to neutralization of the surface
charges on the fibrils and reduction of the electric double layer (Fall et al. 2011)

In order to produce an anisotropic filament, the rate of extension must be
strong enough for the fibrils to align and the gelation must occur before the
alignment of the fibrils are lost due to Brownian motion. This was achieved in
the study by H̊akansson et al. (2014), where it was shown that the alignment
in a dried fibre could be varied by slightly varying the process conditions.
However, the highest alignment obtained in the filament was S = 0.50 (S is
an order parameter where 0 is isotropic and 1 is fully aligned) and this process
is not possible to run for longer times due to gradual gel build up in the flow
conduits. The rate of extension and consequently the alignment could not be
increased more due to a buckling instability when the gel exited the channel.
This could be avoided by running at a slower speed, but under such conditions,
the gelation would be too fast. In the corners of the focusing, where the ion
solution and the fibrils dispersion meet, gel would agglomerate, see figure 1b-d.

In this study, a second passive sheath flow is introduced before the ion
solution, in order to prevent the gel build up and adding fidelity to the pro-
cess, see Fig. 2a. Double flow focusing devices has been used before in order
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10 60 120

Figure 1. Single focusing device. (a) Schematic of the
single channel. (b-d) Images of the focusing at time 0 s, 60 s
and 120 s, where the buildup of material is seen at the corners
in the crossing.

a b c d

to prevent clogging in hydrodynamic spinning processes, see e.g. Boyd et al.
(2013), and with the aim to tune the cross-sectional shape of the filaments. The
passive sheath flow encapsulates the core fluid with fibrils, and the fibrils are
not in contact with any wall when reached by ions. This encapsulation ensures
that the dispersion is always convected away as the dispersion-gel transition is
induced, see Fig. 2b-d. The double flow focusing system also allows a higher
rate of extension in the channel and thus a higher degree of alignment in the
dry filament. This process is not limited to cellulose nanofibrils, but is also
suitable for solutions or dispersions not forming liquid crystal phases, because
the alignment is produced with a flow and do not rely on self assembly. The
square cross section of the channel also makes it ideal for parallelization and
stacking of multiple channels.

2. Experimental

2.1. Materials

Dissolving pulp from Domsjö Mill, Aditya Birla, Sweden, were used as raw
material for the production of cellulose nanofibrils as described by Fall et al.
(2011). The fibrils were carboxymethylated (Wågberg et al. 1987) to a degree
of 0.1 prior to liberation. At a concentration of 1 g/L, the dispersion was then
centrifuged at 4750 rcf in order to remove large fibre fragments and other par-
ticles. Finally a concentration of 3 g/L was obtained by letting the dispersion
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0 5 18

Figure 2. Double focusing device. The images are taken
at the second focusing at times: 0 s in a, 300 s in b and 1080
s in c.

a b c d

evaporate in room temperature under mechanical stirring. The dispersion used
in all experiments was transparent and had a concentration of 3 g/L.

2.2. Flow focusing device

The flow focusing device is constructed from five layers as can be seen in figure
3b and 3c. The 1 mm2 square channels that form the flow conduits (figure
3c) were cut out of a h = 1 mm thick stainless steal plate and the difference
between the single flow focusing and double flow focusing devices is the geome-
try of this plate, together with matching inlets. These plates were sandwiched
between two PMMA plates for the POM experiments and two Kapton films for
the SAXS measurements. Two outer layers made from aluminum plates were
used to keep the transparent layers in place and to seal the device. Syringe
pumps (WPI, Al-4000) and syringes were used to transfer the liquids to the
channels. The two steel plates were used and they differ in the number of flow
focusing steps, cf. figure 1 to figure 2. The single focusing device has three in-
lets whereas the double focusing channel has five inlets. The two sheath flows
in the double focusing device were separated by 4h and all inlets and outlet
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Figure 3. Experimental setups and flow focusing de-
vice. The experimental setups are shown in a, where the
POM experiments consisted of the light source, camera and
two polarization filters while the SAXS experiments included
the X-ray beam and the SAXS detector. The channel windows
and outer aluminum plates are shown in b, while the two flow
channels are depicted in c. In c, (i) denotes the previous flow
channel and (ii) is the new channel with five inlets and a double
focusing.

a

b c (i) (ii)

ζ

channels were longer than 40h in order to for the flow to be fully developed
before the focusing. The flow rates were Qcore = 1.1 mm3/s, Qs1 = 2.6 mm3/s
and Qs2 = 13 mm3/s.

2.3. Polarized Optical Microscopy, POM

Since the 3 g/L CNF dispersion is transparent, Polarization Optical Microscopy
(POM) was used to visualize the orientation of the fibrils and also the build
up of the gel at the corners of the focusing. A dispersion consisting of non-
spherical particles can become birefringent if the orientation distribution is
not random. This birefringence can be seen when a sample is put between
two polarization filters, and is maximized when the filters are placed at a 45◦

angle to the optical axis (Hecht 2002). In the Polarization Optical Microscopy
setup, a Schott KL2500 LCD light source, a Nikon SMZ 1500 microscope and a
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Basler piA1900- 32gm camera was used. The first polarization filter was placed
between the light source and the channel and the second filter after the channel
but before the microscope, see figure 3a.

2.4. Small Angle X-ray Scattering, SAXS

Small Angle X-ray Scattering (SAXS) was used to quantify the orientation
of the fibrils in the channel at different downstream positions, the setup is
illustrated in figure 3. The anisotropy of the 2D scattering pattern is a direct
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measure of the anisotropy of the orientation distribution of the fibrils in the
channel (Eichhorn et al. 2010). The P03 beamline (Buffet et al. 2012; Krywka
et al. 2012) at the storage ring PETRA III, DESY in Hamburg, Germany was
used to perform the transmission SAXS measurements. The wavelength of the
X-ray beam was λ = 0.957 Å and the distance from the sample to the detector
was 8422 mm. The beamsize was 26 × 17 µm2 (Horiz. × Vert.) and a single
photon-counting detector (Pilatus 1M, Dectris) with pixel size 172× 172 µm2

(Horiz. × Vert.) was used.

A SAXS diffractogram is shown in figure 4a, where the intensity scale is
logarithmic. The blue lines are areas where there are no pixels on the sensor,
it is however possible to extract most data from other parts of the detector.
The X-ray scattering has a 180◦ symmetry in the azimuthal direction and due
to this a modified diffractogram can be produced, which is displayed in figure
4b.

In order to quantify the alignment, azimuthal integrations at constant q is
used (van Gurp 1995), here figure 4c shows a diffractogram where the axis has
been transformed to the scattering vector q = 4π sin(ζ/2)/λ (where ζ is the
scattering angle) and azimuthal angle, ϕ. The mean of 20 consecutive columns
of all columns between the two black lines in figure 4c, as well as the mean
of all columns (light purple) are shown in figure 4d. These intensity curves
represent the mean orientation distributions, Ψ(φ), in that q-range.

When the orientation distribution, Ψ(φ), is extracted from the SAXS diffrac-
tograms, a single number is wanted as quantification of the alignment and the
order parameter, S, is the most common way to achieve this, (van Gurp 1995),
and is defined as the mean of the second Legendre polynomial, P2

S = �P2(cosφ)� =
�
3

2
cos2 φ− 1

2

�
. (1)

The order parameter S is defined as an integral over all orientational states

S =

� π

0
Ψ(φ)

�
3

2
cos2 φ− 1

2

�
sinφ dφ, (2)

with normalization � π

0
Ψ(φ) sinφ dφ = 1. (3)

where the coordinate system is defined in figure 4b.

2.5. Wide Angle X-ray Scattering, WAXS

Wide Angle X-ray Scattering (WAXS) was used to investigate the alignment
of cellulose chains inside the dry filaments. Moving the detector closer to
the sample makes it possible to investigate wider angles, which are related to
smaller distances inside the sample, d = 2π/q = λ/2 sin(ζ/2). The setup was
similar to the one used for the SAXS measurements, except for the sample
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Figure 5. Alignment in a double focusing and in-
creased extension. The red dots are SAXS measurements
of the alignment in a double flow focusing device, where the
blue lines represent the locations of the two foci.

detector distance of 85 mm, and detector (Dectris, Pilatus 300-k detector)
having the pixel size 172× 172 µm2.

The orientation distribution, I(φ), is found as the azimuthal integration
taken at one of the crystal lattice peaks. In this case, the (200) peak of Cellulose
I, located at q = 15.8 nm−1 is the most intense peak and therefore chosen as the
q-value for the circumferential integration. The order parameter is thereafter
determined in the same manner as in the SAXS experiments.

2.6. Scanning Electron Microscope, SEM

A Scanning Electron Microscope (SEM), Hitachi TM-1000 (Hitachi Corp.,
Japan), was used to acquire images of the dry filaments at an acceleration
voltage of 15 kV.

3. Results and discussion

Filaments consisting of aligned cellulose nanofibrils were produced as a contin-
uous process in the double flow focusing device as illustrated in figure 2. In
order to continuously and with high degree of fidelity produce an anisotropic gel
thread in the flow focusing device, the CNF dispersion must not be in contact
with any wall as the dispersion-gel transition occurs. This can be avoided by
the introduction of an upstream focusing by a passive solution. In these exper-
iments deionized water was used. When the passive solution has encapsulated



Continuous assembly of aligned nanofibrils into a micro filament 203

the CNF dispersion the second sheath flow can extend/accelerate the fibrils
and the ions start to diffuse into the CNF core. When ions diffuse into the
core, the surface charge on the fibrils are reduced and a gel network is formed.
In figure 2b-d it is shown that there is not clogging in the channel even after
more than 1000 s.

To demonstrate the increased fidelity of the new device, a wider range of
filaments were produced compared to what has previously been published, see
(H̊akansson et al. 2014; Iwamoto et al. 2011; Walther et al. 2011), specifically
the focus was produce to very thin filaments together with an elevated level of
alignment of the fibrils in the filament, cf. H̊akansson et al. (2014).

3.1. Alignment

The alignment of the fibrils during and after the extension was studied with
SAXS measurements, which gives the mean orientation at a specific down-
stream position in the channel. This process was studied without the gelation,
and both sheath liquids were water at pH 7. In figure 5 the variation in order
parameter is shown for different downstream positions. If all fibrils are aligned
with the flow S = 1 and if they are randomly distributed S = 0. The blue
solid lines in this figure indicate the channel and the two inlets. Due to the
two flow focusing steps the fibrils are extended/accelerated and aligned twice,
the first extension acts between −5 < z/h < −3 and the second extension
between 0 < z/h < 2. Measurements were made right before, during and after
the second extension. The order is seen to increase as the second sheath flow
extends the fibrils (0 < z/h < 2) and thereafter (z/h > 2) the orientation is
decreasing as Brownian diffusion alone affects the fibrils.

3.2. Gelation

The gelation process is initiated subsequent to the alignment of the fibrils
when ions are allowed to diffuse into the dispersion to initiate the dispersion-
gel transition. It is important to start the phase change before the alignment is
lost, and in order to tune where in the channel the phase change occurs, different
ions can be used. Here, fast protons from the HCl solution are initiating the
phase change through H+ ions, while the previous study by H̊akansson et al.
(2014) used slower (due to size) Na+ ions.

3.3. Drying

The next step in the filament manufacturing process, after the alignment and
gelation, is to transport the gel thread out of the channel. The outlet of the
channel is submerged in a pH 2 bath and the gel thread is ejected into this
bath. The thread is then transferred to a pH 7 bath, were it is left for at least
24 hours to let the excess ions in the thread diffuse out. The last step is to
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take the thread out of the bath and let it dry with fixed ends, obtaining a dry
filament as seen in figure 6a.

3.4. Filament

To prove that the fibrils indeed are aligned in the dry filament, WAXS exper-
iments were performed. From the WAXS experiments, an orientation distri-
bution of the cellulose chains in the filament are found, and since the cellu-
lose chains are oriented in the same direction as the fibrils (Eichhorn et al.
2010), the orientation of the fibrils is indirectly studied. In figure 6b, a WAXS
diffractogram of a filament is showed, note that the filament was oriented in
the horizontal direction. The orientation distribution is extracted in the same
manner as in the SAXS analysis, with the difference that the intensity is not
constant in the q-direction. The orientation distribution displayed in figure 6c
is found as the azimuthal variation at the highest scattering peak, the (200)
for Cellulose I at q = 15.8 nm−1 (Eichhorn et al. 2010). The order parameter
extracted from the orientation distribution is S = 0.60, which is higher than
the S = 0.50, previously reported by H̊akansson et al. (2014).
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The diameter of the filament is d ≈ 6 − 10 µm, which is considerably
smaller than any other reported filaments made from CNF, which ranges from
20 to 500 µm (H̊akansson et al. 2014; Iwamoto et al. 2011; Walther et al.
2011). The small diameter of the filament makes it possible to make a knot
without breaking it, see figure 7. The size of the filament in the current setup
is determined by the extension in the channel and can hence easily be adjusted
and tuned. One should however be careful and not forget that the alignment
of the fibrils inside the filament is controlled by the rate of extension. To really
tune both the alignment and size we refer to the time-scale analysis presented
by H̊akansson et al. (2014).

3.5. Increasing the alignment further

Earlier measurements showed a peak value of S ≈ 0.39 (H̊akansson et al. 2014)
in the channel with an extension of ≈ 2 ((Q1 + Q2)/Q1). In this study, in
order to align the fibrils as much as possible, the extension was increased to 15
((Q1+Q2+Q3)/Q1), which did only increase the peak value to S ≈ 0.45 (figure
5). This peak value is surprisingly low, since higher extension rates should
result in higher alignment (Jeffery 1922). However, this result could possibly
be explained by the fact that the dispersion used here is in the semi-dilute
regime, and the concentration along with orientational order highly impact
the behavior of the rotational diffusion (Doi & Edwards 1986) in this regime.
Understanding the dynamics of semi-dilute dispersions consisting of charged
particles like the fibrils are crucial in order to create filaments with fully aligned
particles.

Nevertheless, even with the current knowledge and process, the optimiza-
tion of the gelation location in the channel by changing the pH should result
in filaments with even higher degree of alignment.

4. Conclusions

A double flow focusing device is used to produce anisotropic filaments from cel-
lulose nanofibrils. The fibrils are protected from dispersion-gel transition when
in contact with the channel walls though the addition of a passive solution in
the first step. Full alignment and the dispersion-gel transition is achieved in the
second flow focusing step. The alignment was studied with SAXS in the chan-
nel and with WAXS in the dry filaments. By adding the second flow focusing
containing a passive solution made it possible to produce a thinner and more
anisotropic filament, than previously reported (H̊akansson et al. 2014; Iwamoto
et al. 2011; Walther et al. 2011). The filament was small and strong enough
to tie two filaments together with a knot. By adding more sheath channels,
filaments coated with other materials or the same material with different struc-
ture could possibly also be manufactured, which in turn could be beneficial for
materials such as the supercapacitors described by Kou et al. (2014).
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Figure 7. Two filaments tied with a knot. SEM image
of two filaments produced in the double channel, dried and
thereafter tied together into a knot.
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Håkansson, K. M. O., Fall, A. B., Lundell, F., Yu, S., Krywka, C., Roth,
S. V., Santoro, G., Kvick, M., Prahl Wittberg, L., Wågberg, L. &
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In order to utilize the high strength (3 GPa) [Saito et al. 2012 Biomacro-
molecules 14, 248] and stiffness (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 aligned in a flow focusing device,
whereafter the aligned structure is locked by a dispersion-gel transition. The
alignment process has previously been studied, [H̊akansson et al. 2014 Nat.
Commun. 5, 4018], but the location of the phase transition as well as at which
alignment (anisotropy) the fibrils were locked was not investigated. In this
study, the absolute alignment is determined with small angle X-ray scattering
experiments and the location of the phase change is found 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 important in todays
material manufacturing. In order to utilize the full potential of the the nano-
scale building blocks in for example composites, the structure on the nano-scale
must also be considered (Eichhorn et al. 2010). Hence, processes are needed in
order to create well defined nano-structures as well as a non-expensive online
characterization methods. In this work, the alignment of cellulose nanofibrils
(CNF) in a dispersion due to an extensional flow is studied in a flow focusing
channel. After the alignment an ion-diffusion based phase transition is induced
and a hydrogel thread (with aligned fibrils) is formed, similar to the works by
Fall et al. (2013); Hamedi et al. (2014); H̊akansson et al. (2014). However,
in the previous studies by Hamedi et al. (2014); H̊akansson et al. (2014), the
fibrils were far from fully 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
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et al. (2011), where the properties of the man-made silk were far from the na-
tive silk and it was unclear if the extensional flow in the channel aligned the
proteins at all. Here, synchrotron Small Angle X-ray Scattering (SAXS) is used
to characterize the fibril alignment in the channel without the phase transition.
Thereafter, the non-expensive polarized optical microscopy (POM) is utilized
to determine the location of the phase transition and the anisotropy of the hy-
drogel. 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 defined hydrogel threads with different and known
anisotropy are created, the material properties can be characterized and later
designed for a specific application. The anisotropic cellulose nanofibril hydro-
gels could be used, for example, as templates (Shopsowitz et al. 2010; Olsson
et al. 2010) or be dried to create high performance filaments (H̊akansson et al.
2014; Hamedi et al. 2014).

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 dependent upon the orientation/alignment of the
nanofibrils in the fibre (Page et al. 1971; Page & el Hosseiny 1983; Burgert
et al. 2002; Eder et al. 2013). When all fibrils are aligned in the direction of
the fibre, the fibre is as strong as glass fibre (Saito et al. 2012) and as stiff as
Kevlar (Sakurada et al. 1962). 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, cellulose nanofibrils (CNF) and materials thereof
have recently been given a lot of attention (Olsson et al. 2010; Henriksson et al.
2008; Iwamoto et al. 2011; Walther et al. 2011; Sehaqui et al. 2012; Fall et al.
2013), partly due to the a new process which significantly decreases the energy
consumption during liberation of fibrils from fibres (Pääkkö et al. 2007).

Fall et al. (2011) 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
device (H̊akansson et al. 2014), where the properties of a tree fibre was repro-
duced at the same fibril alignment for the first time. However, the minimum
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 filaments as nature can produce (Page et al. 1971; Page &
el Hosseiny 1983). The complete process uses a dispersion of CNF which is sub-
jected to an extensional flow inside the flow device (Knight et al. 1998; Anna
et al. 2003), where fibrils were shown to align in the flow direction (Pfohl et al.
2007; H̊akansson et al. 2014). However, the problem is that when the exten-
sional 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 dispersion (Kenis et al. 1999), inducing a
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Figure 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 anal-
ysis methods are shown in (b). The coordinate system for the
fibrils is defined in (c).

(a)

(b)

(c)

φ
θ

ζ

transition to gel which was hypothesized by H̊akansson et al. (2014) to lock the
alignment. The hydrogel threads ejected from the flow device were dried and
shown to be anisotropic. 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 and when the
locking is achieved, since the Brownian rotary diffusion forces the fibrils back
towards isotropy. Hence, in order to increase the alignment in the channel and
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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 Gelation CNF pH 7 pH 2 x POM

then also in the hydrogel, by locking the alignment at an optimal location, in
situ orientation measurements are needed.

The flow focusing channel used in order to create the extensional flow
consist of three inlets and one outlet, where the core flow is focused by two
perpendicularly incoming sheath flows (Knight et al. 1998). The extensional
(elongational) flow is crucial for the orientation and forces elongated particles
to align in the flow direction (Jeffery 1922; Shaqfeh & Koch 1990). Several pub-
lications report the production of filaments with different shapes (Thangawng
et al. 2009; Puigmarti-Luis et al. 2010; Boyd et al. 2013), in a flow focusing
device, and others focused on the alignment and assembly (Pfohl et al. 2007;
Brennich et al. 2011; H̊akansson et al. 2014), of elongated particles in such de-
vices. Here, a protocol for measuring the absolute alignment and the locking
of the alignment online in the flow focusing channel will be presented.

Three experiments in a double flow focusing setup (depicted in Fig. 1) with
and without a dispersion-gel transition are presented, see Tab. 1. The first ex-
periment (i) is a SAXS experiment, where the absolute orientation along the
centreline is measured. Due to clogging in the channel and limited optical access
in the experimental hutch, the SAXS measurement could only be performed
without the gelation (pH 7 in both sheath flows). The second (ii) and third
(iii) experiments are non-expensive polarized optical microscopy (POM) mea-
surements, where the flow parameters of (ii) are the same as (i). Experiment
no. (iii) represents the hydrogel manufacturing case, where the second sheath
flow is a pH 2 solution which diffuses into the CNF dispersion and induces the
gelation. The POM measurements, (ii) and (iii), will with the current setup
only give a relative orientation measure along the channel. However, a method
combining the three experiments to determine the location of gelation as well
as the orientation at this location, will be presented.

As a final addition, a hydrogel thread is produced and stored in water for
six months. After that time the thread still shows a birefringence indicating
that the anisotropy is still present.
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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. (2011). A surface charge was introduced in a car-
boxymethylation process (Wågberg et al. 1987) prior to liberation. Further-
more, unfibrillated fibres and fibre fragments were removed during a centrifu-
gation of 4750 rcf for 2h. The resulting transparent dispersion 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 second 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 connected 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 in order to have a fully developed incoming flow. 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 solutions 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 PE-
TRA III at DESY in Hamburg, Germany. The P03 beamline (Buffet et al.
2012; Krywka et al. 2012) was used in a transmission setup with 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 (Pi-
latus 1M, Dectris) having the pixel size of 172 × 172 µm2 was used to record
the scattering diffractograms. One such scattering diffractogram is shown in



216 K. M. O. H̊akansson

q

φ

 

 

0

0.5

1

1.5

2

2.5

3

q

φ

 

 

0 0.2 0.4 0.6

0

50

100

150

200

250

300

350

10

20

30

40

50

60

0 100 200 300
φ

I S
A
X

S

Figure 2. A SAXS diffractogram is shown in (a) with a loga-
rithmic 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 normal-
ized 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)

Fig. 2a, where the intensity is shown in a logarithmic 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
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line). This intensity distribution corresponds to the orientation distribution,
Ψ(φ), of the fibrils at this location in the channel.

In order to reduce the orientation distribution to a single number, the
order parameter, S, defined by van Gurp (1995) 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 elongated particles, here
in the z-direction, where S = 1 if all particles are aligned in the z-direction
and S = 0 if the distribution is random. 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 distribution of the fibrils, Ψ(r,p, t), is wanted.
After the extensional flows in the channel, only the Brownian rotary diffusion
acts on the fibrils (H̊akansson et al. 2014) and the orientation distribution can
be modeled by the Smoluchowski equation (Eq. 4), which is a diffusion and
transport equation. The orientation distribution is dependent on the position,
r, orientation, p, and time, t.

DΨ

Dt
= �D̂r · �Ψ (4)

The rotary diffusion is denoted D̂r(p) and � is the rotational operator:

� = r× ∂

∂r
. (5)

In this case, the flow was assumed to be axisymmetric, and the orientation
distribution was only considered along the centreline in the z-direction, the
coordinate system 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



218 K. M. O. H̊akansson

with w and h. From the tube model described by Doi & Edwards (1986), 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 developed laminar
pipe flow, 2wmean = 2(Qcore + Qs1 + Qs2)/h2, see Tritton (2005). 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 exact numbers are not important and it is only the shape of the decaying
orientation curve that will be used.

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 cos
2(∆γ + γ0), (8)

where, I0 is the incoming intensity, ∆γ is the angle the polarization has been
rotated by the sample and γ0 is the angle between the two polarization filters
(Hecht 2002). 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 difference 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 determined with
POM as (van Gurp 1995):

SPOM =
∆n

∆nmax
, (11)

which means that the relative order between two experiments is proportional
to the square root of the intensity ratio of the two cases, when the depth, d, is
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Figure 3. Quantified SAXS data (red dots) and diffusion cal-
culations (blue dashed lines) as function of downstream posi-
tion along the centreline of the channel. The three different
blue dashed lines represent Dr = 0.090, 0.119, 0.150.

constant:

S

Sref
=

∆n

∆nref
≈

�
I

Iref
. (12)

The polarization filters are placed at an angle of 45◦ towards the flow, see white
arrows in Fig. 1b, in order to maximize the birefringence signal. The full POM
setup 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.

3. Results and Discussion

Fibrils have been shown to align in the flow direction during the extensional
flow in a flow focusing device (Pfohl et al. 2007; H̊akansson et al. 2014). There-
after, the fibrils de-align due to Brownian diffusion. In this setup 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 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 illus-
trated 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.
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Figure 4. Images of the flow in the channel between two
crossed polarization filters are shown in (a) and (b). The sec-
ond 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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The SAXS measurements from experiment (i) are quantified with the order
parameter, S. The results at different downstream positions are shown in Fig.
3 with red dots, where the error bars represent the standard deviation between
different q-values. The alignment (order) measurements confirm 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 increased more.
The maximum alignment (order) 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 Smoluchowski equation (Doi & Edwards 1986),
see Eq. 4, with the initial distribution being that from the SAXS measurements
at z/h = 2. The three blue dashed lines in Fig. 3 are calculations with different
values of the rotary diffusion coefficient, Dr. The middle line gives a good
estimation of the orientation distribution evolution 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 reference 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
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Figure 5. Quantified SAXS data (red dots), diffusion calcu-
lations (blue dashed line) and POM data (black line). The dif-
fusion 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.

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 a result of a higher orientation, remember that higher light intensity
means higher alignment, Eq. 10. Equation 12 reveals that the order parameter
ratio is proportional to the square root of the intensity ratio if the depth is
constant, and since the flow is the same in both cases, this is a valid assumption
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, whereafter 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,
downstream in the channel is due to the decreased light intensity of the pH 7
case, (ii). 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.
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Figure 6. The black arrow in (a) points at a hydrogel thread
in water, which is placed between two polarization filters (ori-
entation 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.

(a) (b) (c)

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 assumption that the pH 7 case behaves as the
diffusion calculation (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.

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 Brownian 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 order 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 makes it difficult to make a hydrogel with a higher order.
However, it should be possible to lock the order at any location in the channel
and then 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 decrease 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
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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 hydrogel thread was
produced in the flow focusing device and stored in a water bath for six months.
The thread was then placed between 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 com-
pletely 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 orienta-
tion 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 rota-
tion of the polarization, which is seen as light in the image. In Fig. 6c, the first
polarization filter is aligned with thread in the upper left corner, and now, the
thread lights up in the lower right corner. This is an evidence of the birefrin-
gence, and shows that the optical axis is in the direction of the thread (Hecht
2002). 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.

4. Conclusions

In conclusion, the filament manufacturing technique proposed by H̊akansson
et al. (2014), was used to create hydrogels with detectable anisotropy (order).
The combination of SAXS and POM measurements made it possible to de-
termine the location and at which order 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 process (H̊akansson et al. 2014) which aims at continuously
producing a nano-structured bio-based filament as stiff and strong as nature
creates wood fibres (Page et al. 1971; Page & el Hosseiny 1983). Furthermore,
the technique to determine the anisotropy and anisotropy evolution described
here should also be usable to other non-spherical particles exposed to similar
flow focusing setups, such as polymers (Shields et al. 2012), DNA (Pfohl et al.
2007), silk proteins (Kinahan et al. 2011) and collagen (Köster et al. 2008) as
long as a birefringence signal can be detected, in order to understand and later
control the nano-structure during assembly.
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Söderberg, L. D. 2014 Hydrodynamic alignment and assembly of nanofibrils
resulting in strong cellulose filaments. Nat. Commun. 5, 4018.

Hamedi, M. M., Hajian, A., Fall, A. B., Håkansson, K., Salajkova, M.,
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Köster, S., Evans, H. M., Wong, J. Y. & Pfohl, T. 2008 An in situ study of
collagen self-assembly processes. Biomacromolecules 9, 199–207.

Krywka, C., Neubauer, H., Priebe, M., Salditt, T., Keckes, J., Buffet,
A., Roth, S. V., Doehrmann, R. & Mueller, M. 2012 A two-dimensional
waveguide beam for X-ray nanodiffraction. J. Appl. Crystallogr. 45, 85.

Olsson, R. T., Azizi-Samir, M. A. S., Salazar-Alvarez, G., Belova, L.,
Ström, V., Berglund, L. A., Ikkala, O., Nogues, J. & Gedde, U. W.
2010 Making flexible magnetic aerogels and stiff magnetic nanopaper using cel-
lulose nanofibrils as templates. Nat. Nanotechnol. 5, 584–588.
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