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1 Introduction

Nature relies on anisotropic structures to optimise the function of tissues. For example, in
animals, the contraction ability of muscle fibres and load-bearing capacity of collagen
fibres are maximised in the longitudinal direction. Likewise, cellulose fibrils used for
structural support in plants are produced with the highest load-bearing capacity in their
longitudinal direction. These fibrils are organised into fibres with a precise order that
optimises the stiffness or flexibility according to the needs of the plant tissue. Specifically,
fibrils form stiffer fibres when they assemble in closer orientation along the fibre axis.
Conversely, flexible fibres are formed with an assembly that is closer to perpendicular
with respect to the fibre axis.

Similarly, engineered materials can benefit from anisotropy that maximises desired
properties in the relevant direction. This is especially necessary when engineering
renewable alternatives to compete with oil-based materials. For this purpose, aligned
filament or ribbon-shaped structures have been created from cellulose nanomaterials by
spinning (Clemons 2016; Lundahl et al. 2016); hydrodynamic alignment (Hamedi et al.
2014; Håkansson et al. 2014; Mittal et al. 2017); stretching (Rahman & Netravali 2016b;
Tang et al. 2015); polyelectrolyte complexation (Toivonen et al. 2017; Grande et al. 2017)
and cultivating cellulose-producing bacteria inside a tube (Rahman & Netravali 2017).

This dissertation focuses on preparing filaments with aligned cellulose nanofibrils (CNF)
by wet-spinning, since this technique has strong potential to combine controllable
filament properties with scalability. Both fundamental and practical aspects of CNF wet-
spinning are covered. For example, this is the first analysis connecting the shear and
extensional rheology of a CNF hydrogel with its suitability for spinning (i.e., spinnability).
Also, the attention is brought, for the first time, to the interactions between CNF filaments
and water in both liquid and vapour form. In addition, the fastest wet-spinning process so
far is presented for CNF.

Papers I and II study the relationship between CNF hydrogel properties and the qualities
attained in the wet-spun filament. Especially, the water sensitivity of the filament is
shown to increase by the increased surface charge, for example, in the presence of
carboxylate groups. Paper II overcomes this limitation by using the carboxylate groups
for further modification with UV-crosslinkable benzophenone. The crosslinked filaments
became stable in water and made possible their use in blood plasma protein detection,
thus justifying their description as a bifunctional system.

Paper III analyses the CNF hydrogel rheology and its implications on wet-spinning. The
properties are compared to more easily spinnable biopolymer solutions, which could
facilitate continuous CNF spinning. In Paper IV, the continuous system is developed
further into a spinning line that multiplies the scale of filament production from
milligrams to grams. Also, extremely water-absorbing filaments are demonstrated
through appropriate selection of the filament components and coagulation system. In
contrast, water-repellent filaments are developed in Paper V through surface
hydrophobisation. An outline of the work conducted in the above papers and the
employed materials is schematically illustrated in Figure 1.
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Figure 1. Outline of the main subjects and techniques used for sample preparation
(rectangles). Hydrogels used as precursors for filaments are presented inside dashed
ovals and final filaments are displayed with solid ovals. a2,2,6,6-tetramethylpiperidine-1-
oxyl, bbenzophenone-modified CNF, cTEMPO-oxidised CNF.

Benzophenone-
modification

BP-CNFb TOCNFc CNF Cellulose
acetate Guar gum

UV-crosslinking
and anti-

hemoglobin
biointerface
installation

Chemical vapour
deposition of
chlorosilanes
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Paper II

Hydrophobic
filament, Paper V

Single component filaments, Paper I Bicomponent filaments,
Papers III and IV

TEMPOa-oxidation

Wood fibres

Microfluidization

Wet-spinning Core/shell wet-spinning
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2 Background

This section summarises the existing literature regarding wet-spinning of CNF hydrogels.
Also, it highlights the knowledge gaps that this contribution will address. Firstly, the
concept of aligning fibril-shaped objects under flow is introduced and its application
discussed in the context of filament preparation. Secondly, examples are highlighted of
the types of filaments prepared from CNF and their properties.

2.1 Effect of flow on alignment of high-aspect-ratio particles

Typically, dispersions of high-aspect-ratio particles, such as polymers (molecular scale)
and rods (colloidal scale), have a different structure depending if the system is at rest or
flowing. At rest, both polymers and rods tend to self-organise isotropically (i.e., the
systems displays the same properties regardless the observation direction). This kind of
state is illustrated for rod-like particles in Figure 2a. When the dispersion is exposed to
shear flow, it can be thought as divided into infinitesimally thick fluid layers that move at
different velocities vx along the shear direction (Figure 2b). Those parts of polymers or
particles, that are positioned in a faster-moving layer, become dragged further in the shear
direction while the slower-moving parts follow behind. This effect tends to rotate
polymers and rods, aligning them along the shear direction, when suspended in a non-
elastic medium. Simultaneously, the shear can open connections between rods as well as
coils and entanglements often present in polymer solutions at rest. A dispersion, where
the particles are less networked and more aligned, deforms more easily under lower shear
forces. As such, the formation of an aligned structure reduces the apparent viscosity of
the system when exposed to increased shear.

Figure 2. Schematic illustration of a dispersion of rod-like particles (a) at rest, (b) under
shear and (c) in an extensional flow.
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Particle alignment can occur, as well, in a flow field where fluid elements move at
velocities (vx) that accelerate along the flow direction (i.e., extensional flow field, Figure
2c). In this type of field, parts of the polymers or rods located further along the flow
direction are dragged even further because of the faster speed in this region compared to
the one behind. This phenomenon has an aligning effect like that of shear flow, though
without the tendency for rotation, as no velocity gradient exists perpendicular to the flow.

2.2 Effect of flow on cellulose nanofibrils (CNF)

CNF are high-aspect-ratio particles that resemble partially flexible polymers and partially
rigid rod-like particles. This is because CNF contain both flexible amorphous cellulose
and rigid crystalline cellulose. Plants construct cellulose this way in order to optimise the
toughness of their fibres. Firstly, molecular cellulose chains are assembled into so-called
elementary fibrils, where cellulose is partially crystallised. Secondly, these fibrils are
used as building blocks in a hierarchical and multidimensional system comprising
microfibrils and macroscopic fibres. Mainly amorphous fibrils would make the fibres
very flexible, while the opposite, extremely crystalline fibrils, would make the fibres stiff
and brittle. CNF can be liberated from plant fibres through mechanical disintegration,
optionally preceded by mechanical (Spence et al. 2011), chemical (Isogai et al. 2011;
Ghanadpour et al. 2015; Olszewska et al. 2011) or enzymatic (Pääkkö et al. 2007)
pretreatment of the fibres used as raw material (Lavoine et al. 2012; Nechyporchuk,
Belgacem & Bras 2016).

This section focuses on CNF that have been mechanically extracted from unmodified
fibres as well as from fibres with enhanced negative surface charge produced by
carboxymethylation or oxidation with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO).
Unmodified fibres yield thicker, slightly more rod-like though still semi-flexible fibril
aggregates. In contrast, more charged fibres can yield almost singular elementary fibrils
with dimensions and flexibility approaching a single polymer chain, though still
maintaining significant rigidity. Because of the structural similarities with rods and
polymers, CNF can also be expected to experience alignment under flow as illustrated in
Figure 2.

As an indicator of the shear-induced alignment (Figure 2b), the apparent viscosity of a
CNF hydrogel has been shown to decrease with increasing shear-rate (Nechyporchuk,
Belgacem & Pignon 2016). However, this occurs not only because of CNF alignment but
also because of shear-induced migration of CNF from the walls towards the centre of the
testing geometry (Nazari et al. 2016). As the vicinity of the wall becomes depleted of
fibrils and rich in water, its viscosity decreases, which is observed as an artificially low
apparent viscosity of the bulk sample. This effect influences especially CNF with low
surface charge (Naderi & Lindström 2016) and large fibril diameter (Kumar et al. 2017),
in conditions of low shear (Saarinen et al. 2014), small geometry gap and high ionic
strength (Saarikoski et al. 2012). Thus, the aligning effect of flow on CNF can be
promoted best in conditions of high shear and in the absence of electrolytes. Paper III
makes evident the effect of shear rate through polarised imaging.

Similarly to shear viscosity, also extensional viscosity of carboxymethylated CNF
hydrogels has been demonstrated to decline with increasing extension rate (Moberg et al.
2014). However, CNF extensional rheology has been studied far less than their shear
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rheology, even though CNF can be exposed to a combination of shear and extensional
flow fields in various practical processes, such as extrusion, coating or swallowing. In
order to start filling this gap, Paper III analyses CNF behaviour not only under shear but
also in an extensional flow field.

2.3 Application of flow to control the orientation of CNF structures

Flow aligns CNF in a hydrogel, but can flow be used to control the alignment of CNF in
solid materials? A material consisting of uniaxially aligned CNF would maximise its
mechanical performance along the direction of the CNF orientation, capitalising on the
native anisotropy of CNF. This anisotropy can be observed as a different Young’s
modulus in the longitudinal and transverse directions in a cellulose crystallite (up to
160 GPa and 8 57 GPa, respectively) (Siró & Plackett 2010; Hoeger et al. 2011). In a
material with several perfectly aligned cellulose crystallites, the Young’s modulus in the
alignment direction approaches the longitudinal modulus of a single crystal. Following
this principle, plants can increase the stiffness of their fibres when necessary by
organising the cellulose microfibrils inside the fibre more closely to the fibre axis
direction (Eder et al. 2013).

Man-made materials with aligned CNF have been demonstrated by exposing CNF to
extensional flow through stretching of CNF hydrogel strips (Sehaqui et al. 2012; Tang et
al. 2015; Rahman & Netravali 2016a; Rahman & Netravali 2017). Also, a combination of
shear and extensional flows have been used for the same purpose through tape casting
(Pahimanolis et al. 2013) and extrusion of concentrated CNF hydrogels into filaments on
a solid support (Hooshmand et al. 2015; Shen et al. 2016; Ghasemi et al. 2017). All these
techniques rely on the solidification of the aligned CNF structure through the evaporation
of the water included in the original hydrogel.

The solidification of the hydrogel into a dry material can be more effectively controlled
by exchanging the water into a less swelling solvent for cellulose (i.e., coagulant). The
selection of the solvent determines the speed of coagulation, which, in turn, controls the
properties of the ensuing filament. The faster the coagulation, the less time is allowed for
the CNF to relax back into a randomly oriented structure after cessation of the flow
(Ferguson & Ibrahim 1969). Slower coagulation, on the other hand, can encourage
properties that benefit from the structural relaxation, such as porosity or, in the case of
bicomponent filaments, interdiffusion of the components (Paper IV).

In practice, CNF can be exposed to a flow followed by a solvent exchange most feasibly
in a wet-spinning set-up, as illustrated in Figure 3. Here, the flow is imposed by pumping
the CNF hydrogel from a syringe through a narrow nozzle, which simultaneously forces
the hydrogel into a filament shape. The nozzle is immersed in a bath filled with a
coagulant that collapses the CNF dispersion, thus locking the structure achieved inside
the nozzle. After coagulation, the acquired filament is collected and dried upon
evaporation of the coagulant. When mixed with other components, CNF can also be spun
using other techniques, such as dry-jet wet-spinning (i.e., wet-spinning with an air gap),
electrospinning or melt spinning (Clemons 2016).

In this thesis, wet-spinning was selected as the main method for preparing CNF-based
materials. This is because of its ability to produce filaments with controlled properties,
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from highly aligned to highly porous, depending on the selection of the coagulant and
adjustment of the conditions. Furthermore, wet-spinning has high potential for scalability,
as demonstrated in Paper IV. Already now, wet-spinning has extensive industrial usage
for other materials. Thus, facilities exist that could be converted to adopt CNF in the
future. On the way towards industrial applicability, various lab-scale systems for CNF
wet-spinning have already been developed, as discussed in the next subsection.

Figure 3. (a) Basic and (b) continuous system for the wet-spinning of CNF. (b) reprinted
with permission from (Nechyporchuk et al. 2017). Copyright 2017 American Chemical
Society.

2.4 Filaments wet-spun from CNF hydrogels

The existing reports on CNF wet-spinning have mainly used a syringe pump to extrude
CNF hydrogels through a needle into an organic solvent (Iwamoto et al. 2011; Torres-
Rendon et al. 2014; Yao et al. 2017). Also other systems have been explored, such as the
head of a 3D printer (Mertaniemi et al. 2015) and a chromatography pump with a long
capillary (Mohammadi et al. 2017). In these systems, the resulting filament mechanical
performance has been maximised especially by high shear rate inside the needle/capillary,
relatively low CNF solids content and a long capillary (Lundahl et al. 2016; Mohammadi
et al. 2017). Apparently, these conditions maximise how strongly the shear aligns and
rotates the fibrils; how well the fibrils respond; and how long time is allowed for this
effect to occur (Figure 2b).

Still, most of the reported systems can only produce filaments in short sections. Extrusion
speeds can be as high as >300 m/min (Kafy et al. 2017) but the whole process is slowed
down by the need to manually collect individual filament sections. In order to accelerate
the production and attain longer uniform filaments, continuously functioning wet-
spinning set-ups have been developed for TEMPO-oxidised bacterial CNF proceeding at
13 m/min (Yao et al. 2017) and for carboxymethylated softwood-based CNF at 2 m/min
(Nechyporchuk et al. 2017). This thesis describes an even faster continuous method,
which produces filament at a rate of up to 33 m/min and can even use more aggregated
CNF without pretreatment (Paper IV).

In the literature, filaments have also been drawn in order to increase fibril alignment
under extensional flow. The extensional flow field has been generated by exposing the
CNF hydrogel flow to accelerating sheath flows in a hydrodynamic channel (Håkansson
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et al. 2014; Hamedi et al. 2014; Mittal et al. 2017; Mittal et al. 2018) or by post-stretching
the filaments. Post-stretching has been performed on wet filaments in air (Kafy et al.
2017) and dried filaments immersed in water (Torres-Rendon et al. 2014) or in water-
acetone mixture (Yao et al. 2017). Figure 4a presents an example of a post-stretched
filament. Its underlying CNF orientation causes birefringence, which is observed as an
interference colour when the filament is imaged between crossed polarisers.

Concerning filament mechanical strength, hydrodynamic alignment of TEMPO-oxidised
CNF has been the most effective method to optimise performance, leading to filaments
with a Young’s modulus ~70 GPa, tensile strength ~1200 MPa, breaking elongation ~5%,
yield strength ~700 MPa and modulus of toughness >30 MJ/m3 (Mittal et al. 2018).
Interestingly, in the case of hydroxyethyl cellulose filament spun from NaOH aqueous
solution, post-stretching causes more plastic deformation, and thus more chain orientation
sustained in the final filament, than jet stretch occurring right after filament extrusion
(Wang et al. 2015). This suggests that, also for CNF, an optimal combination might exist
between post-drawing and hydrodynamic alignment or other immediate extension method.

Both the hydrodynamic alignment approach and a continuous wet-spinning system for
carboxymethylated CNF have utilised acidic solution instead of an organic solvent as a
coagulant (Mittal et al. 2018; Nechyporchuk et al. 2017). This implies that filament
formation could be improved by using CNF electrostatically stabilised in water through
carboxylate groups present on the CNF surfaces if, instead of an organic solvent, an
acidic coagulant is used, which breaks this colloidal stability by protonating the
carboxylate groups. As an alternative, the same can be accomplished by screening the
charges of the carboxylates with increased ionic strength (Håkansson et al. 2014) or
electrostatically crosslinking the carboxylates with a divalent cation (Kafy et al. 2017).
However, the effect of the coagulant has not been investigated systematically so far.

Until present, filament properties have been explored extensively in the dry state while
frequently ignoring the wet conditions, even though many applications involve exposure
to water. Indeed, CNF filaments tend to mechanically deteriorate in water due to water
molecules competing for the hydrogen bonding sites between adjacent fibrils. This
tendency is even highlighted if the CNF surface charge has been increased in order to
spin stiffer filaments (Paper I). The wet strength of filaments has been improved up to
111 MPa (49% of dry strength) or 262 MPa (73% of dry strength) by crosslinking the
fibrils covalently (Mertaniemi et al. 2015) or electrostatically (Yao et al. 2017),
respectively. In this thesis, covalent crosslinking (Paper II), supportive water-resistant
shell (Paper IV) and surface hydrophobisation (Paper V) are discussed as alternative
ways to protect the filament in wet conditions.

The susceptibility of CNF to the effect of water can be exploited by using their filaments
as absorbents. This possibility has been largely overlooked in the existing literature, even
though other types of cellulosic materials are actively developed towards biodegradable,
biocompatible and inexpensive absorbents (Hubbe et al. 2013). As an example, yarns
spun from cyclodextrin-functionalised cellulose fibres have been demonstrated as
absorbents that also capture synthetic estrogen hormones from water (Orelma et al. 2018).
From CNF, absorbents have mainly been developed in the form of aerogels, which
require an expensive freeze-drying process for preparation (Kettunen et al. 2011; Brodin
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et al. 2012). In the case of filaments spun from CNF, the water sorption properties have
been thoroughly discussed in Papers I, IV and V.

Figure 4. (a) Optical micrograph of a stretched bacterial CNF filament between crossed
polarisers. Reprinted with permission from (Yao et al. 2017). Copyright 2017 American
Chemical Society. (b) Filament decorated with stem cells, cytoplasmic intermediate
filaments stained red and nuclei stained blue. Reprinted from (Mertaniemi et al. 2015),
Copyright 2015, with permission from Elsevier. (c) Luminescent filament changing
intensity at indicated glucose concentrations. Reprinted from (Yao et al. 2018), Copyright
2018, with permission from Elsevier. (d) Magnetic filament manipulated with a
household magnet (Walther et al. 2011). Reprinted with permission from Wiley. (e)
Flame-retardant filament exposed to a flame. Reprinted with permission from
(Nechyporchuk et al. 2017). Copyright 2017 American Chemical Society. (f) LED light
operated using conductive filaments as cables. Reprinted with permission from (Hamedi
et al. 2014). Copyright 2014 American Chemical Society.

In addition, several functional properties have been implemented by spinning chemically
modified CNF, modifying the wet-spun filaments or blending CNF with other
components (Figure 4b-f). For example, pH and glucose sensing filaments were prepared
by wet-spinning of bacterial CNF loaded with cadmium telluride quantum dots (Yao et al.
2018). Magnetic filaments were obtained by precipitating magnetic nanoparticles on a
filament (Walther et al. 2011). Also, filaments were rendered flame-retardant by attaching
silica nanoparticles on the filament surface through interfacial complexation
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(Nechyporchuk et al. 2017). As an example of the blending approach, carbon nanotubes
were combined with carboxymethylated CNF in order to achieve conductive filaments
(Hamedi et al. 2014). Likewise, graphene was mixed with TEMPO-oxidised CNF to act
as a template for filament carbonization (Li et al. 2014). Also, recombinant silk protein
was added to carboxymethylated CNF in order to facilitate binding of proteins and cells
(Mittal et al. 2017). Even CNF filament without modification (apart from crosslinking
with glutaraldehyde) demonstrated ability for stem cell cultivation (Mertaniemi et al.
2015). These functional properties are depicted in Figure 4b-f.

To conclude, wet-spinning has been shown to have a high potential to create filaments
with promising mechanical performance, which can be further enhanced by drawing.
Several techniques are even available to retain significant portions of the mechanical
strength in wet conditions. Furthermore, numerous functionalisation strategies have been
demonstrated to introduce new properties to the filament. More work is still needed to
understand the mechanisms of filament structure development during the different stages
of the wet-spinning process. Moreover, filament behaviour in different environments
remains poorly understood. The more specific open questions that need to be addressed
include:

1. How the rheology of the CNF hydrogel affects the CNF alignment under flow?
2. How to optimise the coagulation mechanism?
3. How to optimise the drying conditions?
4. How to upscale the wet-spinning process?
5. How do the filaments interact with water and how to inhibit or take advantage of

this property?
6. How to control and utilise other properties, such as porosity and thermal stability?

Solving especially questions 5 and 6 could bring up new application areas for CNF
filaments, even outside the context of load-bearing fibres, which has been the focus of
most previous work. The scope of this thesis covers questions 1 (Papers I and III), 4
(Paper IV) and 5 (Papers I, II, IV and V) as well as touches on questions 2 and 6
(Paper IV). The following section outlines the experimental approach adopted to address
these issues.



10

3 Experimental

This section introduces the most important materials and experimental methods employed
in this work. After describing the preparation of the materials, the methods are explained,
starting from the methods applied on the CNF hydrogels used as precursors for wet-
spinning and proceeding to the filament preparation methods and characterisations
performed on the ensuing filaments. Most attention is paid on those materials and
techniques that are used in several included papers and most essential regarding the
conclusions of this thesis.

3.1 Materials

3.1.1 Cellulose fibres

Never-dried, bleached birch kraft fibres were supplied by Metsä Fibre’s mill in
Äänekoski, Finland. Before use, the fibres were refined as specified in Paper I. These
fibres were used for preparation of different types of CNF. Also, the refined fibres were
used as a reference material with a macroscopic fibre structure in dynamic vapour
sorption and water absorption experiments (Paper I).

3.1.2 Unmodified cellulose nanofibrils (CNF)

The cellulose fibres were diluted to a solids content of 2 wt.% with deionised water. The
obtained dispersion was passed six times through an M110P fluidiser (Microfluidics corp.,
USA) equipped with 200 and 100 m chambers and operated at 2000 bar pressure. The
ensuing CNF were used in most of the experiments (Papers I, III, IV and V), in some
cases after dilution or (ultra)centrifugation to adjust the solids content.

3.1.3 TEMPO-oxidised cellulose nanofibrils (TOCNF)

Oxidation mediated by 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, Sigma-Aldrich)
was used as a pretreatment for the cellulose fibres in order to prepare thinner and longer
CNF. This pretreatment was performed in an alkaline TEMPO-NaBr-NaClO system at
pH 10, as described in Paper I. The oxidised fibres (solids content 2 wt.%, pH 8.5) were
passed once through the microfluidiser at similar conditions as the unmodified fibres
discussed above. Thus obtained TOCNF were used for spinning experiments (Papers I
and II, batch with a carboxylate content of 1.36 mmol/g); rheological characterisation
and contact angle measurement (Paper I, batch with 1.2 mmol/g carboxylates) as well as
rheometry combined with polarised imaging (Paper III, batch with 0.6 mmol/g
carboxylates).

3.1.4 Benzophenone-modified cellulose nanofibrils (BP-CNF)

TEMPO-oxidised cellulose fibres (batch with 1.36 mmol/g carboxylates were used as
precursors for the benzophenone modification via activation with N-hydroxysuccinimide
(NHS, Sigma-Aldrich) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC, Sigma-Aldrich). The fibres were dispersed in 9:1 mixture of
deionised water and dimethyl sulphoxide, including 0.1 mol/l EDC and 0.4 mol/l NHS. 4-
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aminobenzophenone (Sigma-Aldrich, 2.72 mmol / g of fibres) was added to the
dispersion and the reaction was allowed to proceed overnight. The ensuing
benzophenone-modified fibres were passed once through the microfluidiser at similar
conditions as the other fibres. Thus prepared BP-CNF were used for spinning UV-
crosslinkable filaments (Paper II).

3.1.5 Other materials

Cellulose acetate (CA, Sigma-Aldrich, degree of substitution ~2.5, average Mn 30000)
and guar gum (GG, Sigma-Aldrich) were used as shells around the unmodified CNF in
coaxial filaments (Paper IV). GG typically has a molecular weight in the range of 1-
3 millions (Scborsch et al. 1997; Torres et al. 2014; Frollini et al. 1995; Picout et al.
2001). Right before experiments, GG was dispersed in deionised water and stirred at high
speed for 10-20 min, until the dispersion foamed and warmed up to ~40 °C. The
introduced bubbles were removed by mixing in vacuum for 10 min. Ethanol ( 94%, Etax
A, Altia) and acetone (Sigma-Aldrich) were used as coagulating solvents.

3.2 Methods

3.2.1 Shear rheometry

Shear rheometry refers to the study of the viscosity and viscoelastic properties of a fluid
sample by exposing it to shear stress or strain and measuring how large strain the applied
stress creates or how strongly the sample resists the applied strain. Here, the shear stress
was controlled and the induced strain measured. When sliding a solid surface (here, a
rotating top plate or bob) past a stationary one (here, bottom plate or cup) with a sample
in between a gap with height y (Figure 5a), the applied force Fx to slide a surface area Ay

with a velocity vx are connected through the shear viscosity s of the contained sample

𝜂 =  =  ̇ (1)

where dvx is the velocity difference and dy the distance between adjacent fluid layers, as
illustrated in Figure 2b, s is shear stress (defined as Fx/Ay) and �̇�  is shear strain rate. �̇�
is defined as dvx/dy, which equals to vx/y for a linear velocity profile. In a stress-
controlled rheometer, a constant force Fx is applied steadily until �̇�  stabilises. The
viscosity s calculated according to Equation 1 at these steady conditions is considered
the apparent shear viscosity of the sample at this particular shear rate.

In addition to the steady measurement conditions described above, the shear stress can be
applied in an oscillatory mode. When sinusoidally oscillating stress s(t) is applied on a
viscoelastic material, the resulting strain s(t) follows the stress with a phase lag
expressed by phase angle . As such, oscillatory strain and stress can be expressed by
Equations 2 and 3

𝛾 (𝑡) =  𝛾 sin(𝜔𝑡) (2)

𝜎 (𝑡) =  𝜎 sin(𝜔𝑡 + 𝛿) =  𝜎 cos 𝛿 sin(𝜔𝑡) + 𝜎 sin 𝛿 cos(𝜔𝑡) (3)
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where s0 and s0 are the amplitudes of strain and stress, respectively, and  is the angular
frequency of the oscillation. The expression s0 cos  sin( t) refers to the elastic
component of the applied stress and s0 sin  cos( t) to its viscous component. For
completely elastic solids,  = 0 and Equation 3 reduces to

𝜎 , (𝑡) =  𝜎 , sin(𝜔𝑡) (4)

In contrast, for a completely viscous liquid,  = 90° and Equation 3 becomes

𝜎 , (𝑡) =  𝜎 , cos(𝜔𝑡) (5)

Figure 5. Schematic drawings of the applied rheological characterisation methods: (a)
small amplitude oscillatory shear (SAOS); (b) steady shear; (c) capillary breakup
extensional rheometry (CaBER) and (d) hyperbolic contraction flow (HCF).

Equations 2, 4 and 5 imply that purely elastic materials react to the applied stress
immediately without any phase lag (strain in phase with stress) whereas the strain in
purely viscous fluids follows the stress 90° out of phase. In reality, materials are typically
viscoelastic with 0 <  < 90°. Their elastic and viscous characteristics can be quantified
by shear storage modulus G’ and shear loss modulus G’’ defined by Equations 6 and 7,
respectively

𝐺 =  (6)

𝐺 =  (7)

The ratio of these dynamic moduli is called loss tangent tan 
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tan 𝛿 =  =  =  (8)

Higher G’ (tan  < 1) indicates a predominantly elastic (solid-like) behaviour while
higher G’’ (tan  > 1) signifies a predominantly viscous (liquid-like) material. Dynamic
moduli also define the complex viscosity | *|

|𝜂∗| =  (9)

In the case of an ideally viscous liquid (G’ = 0, sin  = 1), Equations 7 and 9 can be
combined to

|𝜂∗| =  =   (10)

This expression corresponds to Equation 1 when considering s0 as the strain amplitude
generated by stress amplitude s0 and 1/  as the time this deformation takes.

In this work, shear rheometry of the studied wet-spinning dopes was performed using an
MCR 300 stress-controlled rotational rheometer (Anton Paar, Austria) with serrated
parallel plate (Paper I) and bob-cup (Paper III) geometries. Temperature was 23 °C and
gap size 1 mm with both geometries. The oscillatory and steady shear experiments are
schematically illustrated in Figure 5a, b, respectively, parallel plate geometry on the left
and bob-cup on the right. When using bob-cup geometry, the cup was covered with a lid
to prevent solvent evaporation.

With both geometries, oscillatory strain amplitude sweep (angular frequency 10 rad/s)
was performed first in order to determine the linear viscoelastic region. This is important
in order to avoid such high strain amplitudes that the sample would be restructured during
the measurement. Based on this test, 0.1% (within the linear viscoelastic region) was
selected as the strain amplitude for the frequency sweeps for all samples. With this
amplitude, angular frequency was ramped from 100 to 0.001 rad/s. Finally, the samples
were exposed to steady shear test with shear rate ranging from 0.01 to 1000 s-1.

For translucent TOCNF (batch with 0.6 mmol/g carboxylates), the steady shear test was
also performed using smooth plates and transparent bottom plate while illuminated with
polarised light. After passing through the sample, the light was passed through an
analyser at 90° angle with respect to the original polarisation direction. The transmitted
light was interpreted as an indication of birefringence, arising from unidirectionally
oriented structures in the sample (see Paper III and Section 3.2.9 Imaging techniques).

3.2.2 Capillary breakup extensional rheometry (CaBER)

Extensional rheology of the spinning dopes in dynamic conditions was studied with
HAAKE capillary breakup extensional rheometer (Thermo Scientific, USA) at room
temperature. CaBER works by rapidly stretching a sample between two plates, thus
forcing the sample to form a capillary between the separated portions (Figure 5c). The
thinning of the formed capillary imposes an extensional strain on the sample (flow profile
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illustrated in Figure 2c for a horizontal capillary, middle of the capillary on the left and
either end on the right), which is resisted by the extensional viscosity of the sample. The
apparent extensional viscosity CaBER can be calculated based on the advancing of the
thinning as (Paper III)𝜂 = (11)

where  is the surface tension of the sample and rcap is the capillary diameter monitored
optically by the device. It should be noted that the time derivative of rcap is not controlled
but imposed by the sample on itself through the pinching of the capillary. Thus, CaBER
cannot create a steady state where extensional viscosity could settle into a stable value at
each extension rate. Instead, the sample stays in a dynamic state and each measured value
for CaBER is heavily influenced by the previous moment.

3.2.3 Hyperbolic contraction flow (HCF)

Apparent extensional viscosities were also measured in a steady state by extruding them
through a die contracting in a hyperbolic shape (Figure 5d). As the same volumetric flow
passes through the beginning and end of the die (i.e., sample is assumed incompressible),
fluid elements have to move progressively faster towards the thinner end. This leads to a
flow profile depicted in Figure 2c for a die positioned horizontally, beginning on the left
and end on the right. When the pressure drop over the die is monitored during this
extrusion, the apparent extensional viscosity HCF can be calculated as𝜂 = ∆𝑃−𝜎𝑠ℎ𝑒𝑎𝑟̇ (12)

where P is the measured pressure drop, shear is the contribution of the shear stress to the
pressure drop and 𝜀̇  is the extension rate inside the die. Both shear and 𝜀̇  can be
calculated based on theory (Paper III).

3.2.4 Wet-spinning

Straight steel needles (diameter 0.7-1.3 mm, length 4.7-10.5 cm) were used as nozzles for
CNF spinning. Extrusion speed was controlled with syringe pumps between 1.6-
11 m/min (1-10 ml/min). High volumetric speed (10 ml/min) was used in a basic single-
component spinning setup (Figure 3a). When extruding with lower volumetric speeds (1-
6 ml/min), a coaxial needle was used with a flow of a supportive component (CA or GG)
connected to the shell section surrounding the CNF hydrogel flow (Figure 6a). When
using GG as the support component, a conveyor belt was added to the coaxial spinning
line (Figure 6b), as GG was unable to support the filament during the travel from bath to
winder through air.

The extruded filaments were coagulated in acetone (CNF alone or with a shell of GG) or
ethanol (CNF with a shell of GG or CA, Paper IV). Approximately five minutes were
allowed for the coagulation before collecting the filaments. With a CA shell, CNF was
also spun without thorough coagulation by passing it through a bath of deionised water or
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1:1 water-ethanol mixture while continuously collecting the filament on a winder. This
approach allowed the CA to coagulate enough to enable sufficient support for the
bicomponent filament to be drawn as specified in Paper IV. All filaments were dried on
a heated winder or on a board with both ends immobilised between magnets. Example of
a bundle of core/shell filaments spun from CNF and GG is portrayed in Figure 6c.

Figure 6. (a) Spinning system for CNF/CA core/shell filaments with CNF in blue and CA
in red. Inset shows the structure of the core/shell needle. (b) Adjusted spinning system to
enable continuous spinning of CNF/GG core/shell filament, including a conveyor belt for
additional support for the wet filament. CNF in blue and GG in green. Ratios of the
components in the filaments are indicated. (c) A bundle of core/shell filaments spun from
CNF and GA.

3.2.5 Filament post-processing

In some cases, additional modification or washing was performed on the wet-spun
filaments. For example, filaments spun from unmodified CNF (solids content 5 wt.%)
were hydrophobised by placing them inside the same container with a chlorosilane
reagent and heating the container to 55 °C for 30 min. Thus, the chlorosilane was
vaporised and deposited on the filament surface (Paper V). Filaments prepared from BP-
CNF were exposed to UV light (wavelength 356 nm, activation energy 16 J/cm2) in order
to create covalent interfibrillar crosslinks (Paper II). The crosslinked filaments were
further modified with anti-hemoglobin through NHS/EDC coupling, thus making the
filaments able to detect hemoglobin (Paper II). Core/shell filaments with CNF and CA
were washed three times in acetone in order to demonstrate the prospect to remove and
recycle the shell as well as obtain continuous filaments consisting of neat CNF (Paper
IV).
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3.2.6 Filament dimensions

Filament dimensions are essential to define its density and normalise the data regarding
its mechanical performance. However, the dimensions depend heavily on the selected
measurement method and conditions. For comparison, the thickness of approximately
round filaments was measured with both a constant-pressure micrometre gauge at a
relative humidity (RH) of 50% and scanning electron microscopy in vacuum (Paper I).
Among these methods, a micrometre gauge was selected for normalisation of the tensile
data, since it could be performed under the same conditions as those used in tensile tests.
However, the porosity was defined using the thickness measured by electron microscopy,
as it was expected that related conditions flatten the filament to a lower extent and thus
maintain the porosity closer to the original.

Also alternative approaches were adopted in other cases. For example, the diameters of
the hydrophobised filaments and their unmodified reference (Paper V) were measured
with optical microscopy, as the same technique was also applied to observe filament
dimensional stability over time in humid conditions. For flattened filaments (Paper IV),
cross-section was assumed as rectangular. The thickness of this kind of filament was
measured by a constant-pressure micrometre gauge and width by optical microscope.
These dimensions were approximated to stay similar when soaking the filaments in water.

In the case of round filaments (Paper I), wet thickness was evaluated separately by
imaging both dry and wet filaments under optical microscope. The ratio of the observed
wet and dry diameters (1.4 for CNF or 3.6 for TOCNF) was used to multiply the
diameters measured with the micrometre gauge. Thus obtained values were assumed as
the diameters when normalising the results of the wet tensile tests. Since the wet
crosslinked BP-CNF filaments (Paper II) in wet conditions were obviously stronger than
the other samples, their diameters (both wet and dry) were measured with a manual
micrometre gauge right before the tensile test. The wet diameter for the TOCNF filaments
used as their non-crosslinked reference was still measured with optical microscope,
though.

To summarise, filament cross-sectional dimensions can be measured with various
alternative techniques, which can sometimes provide contradictory results. These results
further influence the values calculated for density, porosity and mechanical properties,
such as tensile strength and Young’s modulus. Since these properties depend heavily on
very non-exact determination of the cross-sectional area, they should not be relied on as
exact values either.

3.2.7 Tensile testing

In practical use, filaments are typically exposed primarily to tensile loads. That is why
tensile testing was selected as the approach to measure the mechanical performance of the
filaments and thus evaluate their ability to fulfil the strength demands of applications. The
test is conducted by stretching a filament until it breaks, while monitoring the force
required to generate the stretch. Usually, the results are reported as tensile stress t as a
function of tensile strain , which are calculated according to Equations 13 and 14
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𝜎 (𝜀) =  ( ) (13)

𝜀(𝑡) =  ( ) (14)

where A0 and L0 are the cross-sectional area and length of the tested filament section in
the beginning of the test, respectively. L is the length of the stretched filament and thus
increases throughout the test. Note that t and  refer to the engineering stress and strain
instead of the true stress and strain in the material; i.e., they are normalised against the
values of cross-sectional area and length in the beginning of the experiment. In reality,
the cross-sectional area is expected to decrease as the filament is stretched. Likewise, the
incremental strain applied each moment keeps decreasing as the specimen lengthens.

In addition to reporting the maximum stress (tensile strength) and strain (breaking
elongation) for each sample, also Young’s modulus was calculated based on the initial
slope of the stress-strain curve

𝑌𝑜𝑢𝑛𝑔 𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 =  (15)

This definition relates to Equation 6 when  approaches zero (i.e., material approaches
ideal solid). Thus, Young’s modulus can be interpreted as the equivalent of storage
modulus for materials that are assumed completely solid.

Here, tensile test was performed at RH 50% and room temperature with an MTS 400/M
vertical tensile tester (MTS Systems Corp., USA, load cell 50 N, gauge length 30 mm,
test speed 30 mm/min, Papers I and II); with a Universal Testing Instrument Model
33R4204 (Instron, USA, load cell 100 N, gauge length 10 mm, test speed 2 mm/min,
Paper IV); or with an Instron 5944 Single Column Tabletop Testing System (Instron,
USA, load cell 500 N, gauge length 12 mm, test speed 1.2 mm/min, Paper V). The test
speed was decreased in the later studies in attempt to increase the resolution of the data,
especially to differentiate more clearly between the wet strength of different types of
filaments. Before dry tensile testing, filaments were equilibrated at RH 50% overnight.
Before testing in wet state, filaments were soaked in water for minimum one hour.

3.2.8 Wide angle X-ray scattering (WAXS)

WAXS was used to measure the orientation of the cellulose crystallites inside the
filaments. The crystallite alignment is expected to approximately indicate also the
alignment of the full cellulose fibrils. WAXS functions by directing an X-ray beam
through a filament sample (Figure 7a). Inside the filament, the cellulose crystal planes
diffract the X-rays, resulting in constructive interference at angles specific to the
respective interplanar spacings (Figure 7b). When the sample contains a multitude of
similar crystallites at varying direction, the diffracted and amplified X-rays form a ring
pattern on the detector behind the sample.
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Figure 7. (a) Schematic illustration of a wide angle X-ray scattering (WAXS) experiment.
(b) Cross-sectional structure of a cellulose I  crystal. Adapted by permission from
Springer Nature (Wu et al. 2013), Copyright 2013. The parallelogram denotes the
projection of a cellulose I  unit cell and solid lines the crystal lattice planes
perpendicular to the cross-section (i.e., parallel to the crystal). The lattice spacings are
marked in corresponding colours. “Hydrogen Bonding Plane” refers to crystal plane
(200). Lattice (004) is not shown as it lies parallel to the cross-section (i.e.,
perpendicular to the crystal). (c) Example of an X-ray diffractogram for a vertically
positioned CNF filament with the peaks arising from each crystal lattice highlighted.
Note that peaks from lattices (110) and (110) overlap.

In a diffractogram of a cellulose I crystallite (Figure 7c), three rings can usually be
distinguished originating from different crystal lattices: (110) and (110)  merged and
closest to the centre; (200) strongest and slightly further from the centre; and (004)
faintest and furthest from the centre. The ring positions are connected to the underlying
lattice spacings inside the crystal (Figure 7b). According to Bragg’s law, a crystal with a
lattice spacing of d scatters X-rays with a wavelength of  (here, 1.54 Å) with a scattering
angle of 2 , given by

2d sin 𝜃 =  𝑛𝜆 (16)

Here, only n = 1 is considered. Scattering angle can be converted to scattering vector q
defined as
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𝑞 =  (17)

The four crystal lattices of cellulose are expected to create diffraction rings with
scattering vectors and angles specified in Table 1.

Table 1. Crystal lattices of a cellulose I  crystallite and the corresponding X-ray
scattering vectors and angles.

Lattice Lattice
spacing (nm)

2 q
(nm-1)

Orientation
relative to chain

Reference

(𝟏𝟏𝟎) 0.61 15° 10 parallel (Wu et al. 2013)

(110) 0.53 17° 12 parallel (Wu et al. 2013)

(200) 0.39 22° 16 parallel (Wu et al. 2013)

(004) 0.25 35° 25 perpendicular (Almeras et al.
2010)

If the crystallites are oriented in the filament direction, these rings lose their uniformity as
the scattering slits are no longer distributed equally in all directions. When crystalline
cellulose is oriented vertically, the rings from lattices (110), (110) and (200) (lattice
planes parallel to the cellulose chain) become horizontally confined and the ring from
lattice (400) (lattice plane perpendicular to the cellulose chain) compacts vertically
(Figure 7c). The cellulose crystallite alignment in a sample can be quantified based on
the confinement of the diffraction rings, most feasibly based on (200) ring with the
highest intensity. Following this peak azimuthally and plotting the scattered intensity as a
function of the azimuthal angle yields the azimuthal intensity distribution (Papers I and
IV). Based on this distribution, degree of orientation fc can be calculated following

𝑓 = ( ° )° (18)

where c is the full width at half maximum of one of the two peaks in the azimuthal
intensity distribution. Also, Herman’s orientation parameter S can be calculated based on
the azimuthal intensity distribution according to

𝑆 = 〈 〉 (19)

Assuming cylindrical symmetry in the filament, average cosine ‹cos2 › can be obtained
from the average cosine of the azimuthal angle  according to Equations 20 and 21
(Yoshiharu et al. 1997)〈𝑐𝑜𝑠 𝛾〉 = 1 − 2〈𝑐𝑜𝑠 𝜑〉 (20)

where
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〈𝑐𝑜𝑠 𝜑〉 = ∑ ( )  ∑ ( ) (21)

where 0 is the azimuthal angle in the beginning of the range used for the calculation of
the average cosine ‹cos2 ›. In practice, 0 is 0, /2,  or 3 /2.

Here, WAXS measurements were conducted using Cu K  X-ray source and appropriate
optics to create an X-ray beam with a diameter of 100-120 m and wavelength of 1.54 Å.
MicroMac X-ray generator (Rigaku, Japan) or PANalytical Empyrean multi-purpose
diffractometer (Almelo, The Netherlands) was used to generate the beam and Mar345
imaging plate detector or PIXcel3D 2x2 position sensitive 2D detector to collect the
diffraction patterns (Papers I and IV, respectively). The samples were exposed to the
beam and diffraction patterns collected for 10 min (Paper I) or 60 min (Paper IV).

3.2.9 Imaging techniques

The CNF, TOCNF and BP-CNF were imaged with Nanoscope IIIa MultiMode 8
scanning probe microscope (Bruker AXS Inc., USA) after dilution and casting on a mica
support (Paper I) or spin-coating on a gold crystal with preadsorbed polyethyleneimine
(Paper II). The wet-spun filaments were imaged with polarising microscope Leica
DM4500 P (Leica Microsystems, Germany, Paper I), Zeiss Sigma VP scanning electron
microscope (Carl Zeiss Microscopy Ltd, UK, Papers I, III and IV), JEOL JSM-7500FA
field emission microscope (Papers II and V) and Leica DM750 optical microscope
(Leica Microsystems, Germany, Paper V). All these devices show the morphology of the
fibrils or filaments, scanning probe microscope with the highest magnification, scanning
electron and field emission microscopes with slightly lower and the optical equipment
with the lowest magnification.

In addition to the filament surface morphology, polarised optical microscopy can reveal
the alignment of the fibrils inside the filament. This is because oriented structures
typically cause birefringence (i.e., a different refractive index parallel and perpendicular
to the direction of the orientation). When polarised light is passed through a birefringent
filament, its component perpendicular to the filament axis gets retarded from the parallel
component. When these components are again unified through another polarisation, they
interfere depending on the wavelength of the light. Thus, the filament is seen in an
interference colour consisting of those wavelengths at which the two light components
reinforce each other.

3.2.10 Interactions with water

Filament interactions with water vapour were studied with Dynamic Vapour Sorption
(DVS), using a DVS Intrinsic apparatus (Surface Measurement Systems, UK, Papers I
and V). Approximately 4 mg of chopped filament was loaded in a sample pan hanging
from a microbalance in a climate-controlled chamber. While monitoring the sample
weight, the relative humidity (RH) in the chamber was either increased step-wise from 0%
to 95% (Paper V) or cycled seven times between 0% and 95%, starting from 0% (Paper
I). After each humidity change, the sample weight was allowed to stabilise until less than
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0.002%/min changes were registered over a period of 10 minutes. The increase in sample
weight compared to the beginning at RH 0% signifies the moisture content in the sample.

Interactions with liquid water were analysed through measuring the water contact angle
(see below) and water absorbance capacity. The maximum water absorbance was
accessed by immersing a known weight (~0.2 g) of dry filament sections in water inside a
teabag. After 60 min of immersion, the sample and teabag were drained and reweighed.
The same procedure was repeated for three blank teabags in order to obtain the absorption
capacity per gram of teabag. The blank absorption was subtracted from the total water
absorption of the samples to obtain the effective water absorbed by the samples (Paper
IV).

3.2.11 Contact angle and surface energy

Water contact angles were measured on filaments with Sigma 70 force tensiometer (KSV
Instruments, Finland, Paper V) and films cast from the precursor materials with CAM
200 optical contact angle meter (KSV Instruments, Finland, Papers I and IV). In the
case of films, a drop of ~7 μl was deposited on the film and imaged immediately. Contact
angle was computed based on the image. On filaments, contact angles were determined
according to the dynamic Wilhelmy method. A filament probe hanging from a
microbalance was vertically immersed into varying depths in a liquid reservoir. This
procedure allowed for measuring the wetting force between the liquid and the filament.
Contact angle could be calculated based on the wetting force, taking into account the
liquid surface tension and filament geometry. In this manner, contact angles were
measured for water as well as less polar liquids formamide and diiodomethane. Based on
the contact angles measured with liquids with different surface tensions, surface energy
was calculated following the Owens-Wendt geometric mean equation (Owens & Wendt
1969)

(1 + cos 𝜃 )Γ = 2 Γ 𝐸 + 2 Γ 𝐸 (22)

where c is the contact angle of a liquid on a solid.  is the surface tension of this liquid
and D and P its dispersive and polar components, respectively. Similarly, ED

surf is the
dispersive and EP

surf the polar component of the surface energy of the solid. , D and P

of the studied liquids are compiled in Table 2. As these are known and c measured for
three different liquids, EP

surf and ED
surf can be solved from Equation 22. The sum of EP

surf

and ED
surf represents the total surface energy.

Table 2. Surface tension and its dispersive and polar components for the liquids used for
filament contact angle and surface energy measurements (Diversified Enterprises 2014).

Liquid  (mN/m) D (mN/m) P (mN/m)

Water 72.8 21.8 51

Formamide 58 39 19

Diiodomethane 50.8 50.8 0
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3.2.12 Functionality characterisation

In the case of filaments with chlorosilane modification (Paper V) or added cellulose
acetate (Paper IV), the presence of new chemical bonds was validated with Fourier
transform infrared spectroscopy. 32 scans were averaged with a resolution of 8 cm-1 using
Nicolet 380 FT-IR spectrometer (Thermo Scientific, USA, Paper V) or 16 scans with a
resolution of 32 cm-1 with Mattson 3000 FTIR spectrometer (Unicam, Paper IV).
Different chemical bonds absorb infrared radiation at different wavenumbers (i.e., inverse
of wavelength). The absorbed wavenumbers are observed as peaks in the infrared spectra
transmitted through the specimen. Thus, the spectra can be connected with the underlying
chemical structures in the sample.

The presence of chlorosilanes on filament surface was also detected with AXIS Ultra X-
ray photoelectron spectrometer (Kratos Analytical, UK), using low-dose monochromated
Al K  irradiation at 100 W. Analysis area was nominally 400 x 800 μm and depth <10 nm.
Elemental surface compositions were determined from low-resolution survey spectra,
while high-resolution scans of C 1s were utilised for a more detailed chemical analysis.
These spectra are obtained by irradiating the surface of the specimen with X-rays under
ultra-high vacuum. The X-rays trigger the samples to release photoelectrons, which
acquire a kinetic energy dependent on the original binding energy of the electron to the
relevant nucleus. Thus, each peak in an X-ray photoelectron spectra corresponds to
photoelectrons emitted from certain orbitals in certain atoms.

Effect of the chlorosilane modification on filament thermal stability was studied with
Q500 Thermogravimetric Analyzer (TA Instruments, USA) by heating ~2 mg of filament
from 40 to 800 °C at 10 °C/min under nitrogen atmosphere. As the heating proceeds, the
device monitors the weight of the specimen, thus providing information about the thermal
degradation processes in the sample as well as the amount of non-degraded residue left at
800 °C.

The hemoglobin detection functionality added to the BP-CNF filaments was validated by
immersing these filaments first in 0.01, 0.1, or 1 mg/ml hemoglobin solution (10 mmol/l
phosphate buffer, pH 7.4) for 10 min. After rinsing non-bound hemoglobin away, the
filaments were immersed in a 2 mg/ml solution of fluorescein labelled anti-hemoglobin
(10 mmol/l phosphate buffer, pH 7.4) for 10 min. The resulting filaments were imaged
with Leica TCS SP2 confocal laser scanning microscope (Leica microsystems, Germany)
in order to detect the fluorescein attached via anti-hemoglobin to the hemoglobin
adsorbed by the modified filaments.
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4 Results and discussion

This section highlights the most important results of this thesis and their significance.
Firstly, the appropriate conditions for CNF spinnability are discussed and suggestions
provided for the prediction of the spinnability based on rheological behaviour. Secondly,
spinnability enhancement is demonstrated by combining CNF with more spinnable
polymers. Thirdly, the effects of the spinning conditions and CNF characteristics are
analysed in relation to the properties of the wet-spun filament. Specific attention is paid
to the filament’s interactions with water. Finally, filament stabilisation in wet conditions
is demonstrated, most effectively through interfibrillar crosslinking.

4.1 Rheological window for CNF wet-spinning

Papers I and III establish the key rheological indicators for the spinnability of
unmodified CNF. This was accomplished by performing steady (Figure 5b) and
oscillatory (Figure 5a) shear rheometry as well as HCF measurements (Figure 5d) on
CNF hydrogels at different concentrations. The same hydrogels were exposed to a wet-
spinning test by extruding them to acetone, as described above, and collecting the ensuing
filament sections after coagulation. Possibility to collect filament sections of >5 cm was
considered as the criteria for spinnability.

Figure 8a shows the apparent viscosity as a function of shear rate (i.e., flow curve)
measured under steady shear conditions with two different geometries (Figure 5b) for
unmodified CNF at solids contents between 1-2 wt.%. Noticeably, bob-cup geometry
proposes lower viscosity, especially at the shear rates <10 s-1. This is most likely due to
wall depletion, which has been shown to artificially lower the measured viscosity of CNF
hydrogels (Nechyporchuk et al. 2014; Nazari et al. 2016). In fact, at low shear rates, the
hydrogel essentially flows as a plug and the rheometer measures the friction between this
plug and the walls instead of actual viscosity (Paper III). Here, the employed parallel
plate geometry had serrated plate surfaces, which are less prone to wall depletion than the
smooth surfaces in the bob-cup geometry.

Curiously, the serrated parallel plate geometry eliminates the plateau in apparent viscosity
at shear rates between 1-10 s-1 observed with the bob-cup (Figure 8a). This plateau has
been earlier explained by shear-induced structural changes in the CNF network (Iotti et al.
2011; Agoda-Tandjawa et al. 2010; Bettaieb et al. 2015), as validated by increased floc
size and broadened floc size distribution detected in the plateau regime (Karppinen et al.
2012; Martoïa et al. 2015). The present results suggest that these floc clustering effects
occur more easily in the presence of the enhanced wall depletion when using a testing
geometry with smooth surfaces.

Despite the deviation at shear rates <10 s-1, the different geometries agree more closely at
high shear rates close to those utilised in the examined spinning processes (Figure 8a).
Here, the shear rate during spinning refers to the shear rate present by the wall inside the
needle, calculated using the Weissenberg-Rabinowitch correction, as specified in Paper
III. The decreased sensitivity of apparent viscosity to measurement geometry at high
shear rates has also been shown previously (Nechyporchuk et al. 2015). Furthermore,
significant restructuring of the CNF hydrogel bulk has been observed at shear
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stresses >20 Pa (Saarinen et al. 2014), suggesting a critical shear stress required to induce
CNF alignment. Close to similar stress limit for shear-induced alignment (~40 Pa,
corresponding to a shear rate of ~100 s-1) was discovered through polarised imaging
(Paper III). Thus, CNF alignment can be expected at the high shear rates close to those
applied during spinning. However, as the wall shear rates in the spinning needle can reach
the order of thousands (Paper III), the process cannot be fully represented by the
available rheological measurements.

Figure 8. (a) Apparent viscosity as a function of shear rate for unmodified CNF
hydrogels. (b) Complex viscosity, (c) storage modulus and (d) loss modulus as a function
of angular frequency for the same hydrogels. Percentages indicate the solids contents of
the hydrogels. Bob-cup (square markers) and parallel plates (other markers) were used
as alternative measurement geometries as indicated. Colours indicate spinnability as
follows: red – not spinnable, orange – spinnable, green – spinnable and yielding the
strongest filaments.

Regardless of the measurement geometry, all studied CNF hydrogels underwent clear
shear-thinning (i.e., apparent viscosity decreasing as a function of shear rate) as well as
increased apparent viscosity with increased solids content (Figure 8a). These properties
can be quantified by fitting the flow curves to the Ostwald-de Waele power law, as
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explained in Paper III. The fitting provides the consistency index K, representing the
level of the flow curve, and flow behaviour index n, indicating its slope (Table 3). For
the studied CNF hydrogels, K increases with increasing solids content (related to the
thickening effect of the concentration) and n is clearly <1 (indicator of shear-thinning).

Table 3. Consistency indices (K) and flow behaviour indices (n) measured with different
geometries as well as qualitative spinnability for CNF with varying solids content.

CNF solid
fraction

K plates n plates K bob-cup n bob-cup Spinnabilityb

1 wt.% 14 0.17 6 0.19 Poor

1.5 wt.% n.a.a n.a.a 26 0.19 Good

2 wt.% 159 0.10 56 0.21 Best

aNot measured
bQualitative ranking that takes into account filament quality

Extrapolation of the flow curves of Figure 8a suggests that the apparent viscosity at the
spinning conditions is fairly low, because of the high shear, and adjustable by varying the
CNF solid fraction. In practice, a solids content of 1 wt.% appeared too low for spinning.
More concentrated hydrogels (solid fractions 1.5 wt.% and 2 wt.%) were both spinnable,
though 2 wt.% has been shown to yield stronger filaments than 1.5 wt.% by (Mohammadi
et al. 2017). These findings imply that, at solids content up to 2 wt.%, spinnability and
ensuing filament quality increase with increasing solids content, which correlates with the
level of apparent viscosity.

The rheology-spinnability relationship for more concentrated CNF hydrogels was
evaluated through oscillatory shear rheometry, due to ruptures of the concentrated gels
preventing the measurements under steady shear. When concentrating the CNF above
2 wt.%, similar trend occurs as observed upon dilution below 2 wt.%: firstly, mechanical
strength of the wet-spun filaments deteriorate, and secondly, the hydrogel loses its
spinnability (Figure 8b-d, orange and red profiles, respectively). The decline of filament
mechanical strength upon increasing the dope solids content above 2 wt.% has also been
shown by (Mohammadi et al. 2017). Based on oscillatory rheometry, a window of
required rheological properties can be estimated for CNF wet-spinning, as outlined in
Table 4. This finding suggests that the spinnability of a simple CNF dope could be
predicted through a relatively fast and simple oscillatory rheometry measurement.

Most likely, the appropriate rheological parameters specified in Table 4 serve as
indicators of a correct extent of interfibrillar interaction. In order to form a ductile
filament, CNF need, on one hand, individual space in the suspension in order to be
effectively aligned by the flow (Figure 2). As the fibrillar crowding increases with
concentration, this space is confined, which probably eventually leads to fibrils at a solids
content of 10 wt.% being forced into randomly oriented aggregates not longitudinally
connected enough to form a long filament. On the other hand, fibrils need to interact in
order to push each other towards a more aligned arrangement and connect to keep the
filament together. Most probably, the insufficient interfibrillar contacts prevent the
spinning of long filaments at a solids content of 1 wt.%. Nevertheless, at a solids content
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of 7 wt.%, crowding effects were discovered to cause even more oriented filaments than
those from a medium solids content of 5 wt.%. At 5 wt.%, neither fibrillar crowding nor
freedom is very strong and the spun filaments have less CNF orientation and thus more
extensibility. The WAXS and tensile testing data to support these conclusions as well as
more detailed discussion about the crowding effects are provided in Paper I.

Table 4. Acceptable ranges and optimum values for rheological parameters measured for
CNF hydrogels in the spinning system used in this part of the thesis.

Parameter Lower limit Higher limit Optimum

K of complex viscosity curve hundreds tens of thousands ~800

Storage modulus 100-500 Pa 5-9 · 104 Pa ~1000 Pa

Loss modulus 20-50 Pa 1-2 · 104 Pa 100-200 Pa

4.2 Slow relaxation and coagulation limit continuous spinnability

Within the rheological window described above, filaments could be wet-spun in
approximately 5-50 cm long sections. In order to unveil the underlying patterns limiting
the spinning of longer filaments, the rheology of a CNF hydrogel was compared to that of
continuously spinnable solutions of GG and CA (Paper III). The qualitative difference
between CNF and the more easily spinnable dopes is illustrated in Figure 9a. As the most
spinnable example, CA solution already forms a lengthened filament shape when only
poured through air. The explanations for CNF behaving differently were found mainly
through dynamic rheometry (Figure 5a, c).

Clearly, the CNF hydrogel behaved more elastically (i.e., storage modulus higher than
loss modulus, Figure 8c, d, respectively) than GG and especially CA (Figure 9b). If a
larger range of angular frequencies would be included in the measurement, possibly a
crossover between storage and loss modulus would be observed for CNF at a very low
and for CA at a very high frequency. As the inverse of the crossover frequency provides
an estimation of the longest relaxation time, a low crossover frequency indicates a slow
relaxation for CNF and thus a long time to develop a consistent structure under shear.
This has been practically observed as increased fibril alignment in a filament upon
lengthening the residence time of a CNF hydrogel in a wet-spinning nozzle up to one
minute (Mohammadi et al. 2017).

A relatively slow relaxation was observed under extensional flow as well. According to
CaBER, CNF hydrogel had an almost Newtonian behaviour when extension rate was
varied in a dynamic manner following the capillary thinning process (Figure 9c, filled
markers). However, when the extension rate was maintained steady and CNF hydrogels
allowed to relax before measuring each data point during HCF, the hydrogels showed
extension-thinning behaviour (Figure 9c, empty markers). This highlights the need for
adequate time for CNF to react to an extensional flow. In practice, CNF-based filaments
have been found to develop more strength when stretched slowly (Torres-Rendon et al.
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2014; Yao et al. 2017; Toivonen et al. 2017) than fast (Paper IV, Supporting
Information).

Figure 9. (a) Photographs of CNF hydrogel (left), GG dispersion (middle) and CA
solution (right). (b) Storage and loss modulus (G’, filled and G’’, empty symbols,
respectively) as a function of angular frequency for GG (green spheres) and CA (red
diamonds). The G’ of CA was too low to measure. (c) Apparent extensional viscosity e as
a function of extension rate for CNF at indicated values of solids content. Empty markers:
HCF data. Filled markers: CaBER data.

In steady flow conditions, CNF was found to have fairly similar rheological behaviour to
that of GG, apart from not displaying a viscosity plateau at low shear rates (Paper III).
At a solids content of 1 wt.%, both had a consistency index K of 6-8 and flow behaviour
index n of 0.2-0.3 under shear (bob-cup geometry) as well as K of a few hundreds and n
between 0.3-0.5 under extensional flow (HCF). This indicates that CNF can
competitively fulfil similar practical functions as GG, such as thickening, conceivably
even better, as shear-thinning occurs at a wider range of shear rates. In terms of spinning,
this highlights the importance of the viscoelastic differences, specifically the high
elasticity and slow relaxation of the CNF hydrogels.

Perhaps, longer filaments could be spun from CNF, too, if its viscoelasticity was
manipulated to make it a more viscous (i.e., liquid-like) fluid with a faster relaxation.
Essentially, the viscoelastic behaviour can be seen as an indicator of the correct quality of
interfibrillar interaction to enable not only fibril alignment but also entanglement to hold
a long filament together. In fact, continuous spinning has been demonstrated for TEMPO-
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oxidised bacterial CNF (Yao et al. 2017), which have a higher aspect ratio or slenderness
and thus more entanglement capacity than wood-based CNF.

It should be noted, though, that spinnability is not only dictated by the rheological profile
of the dope but also other factors, such as coagulation rate. Even wood-based
carboxymethylated CNF hydrogel has been continuously spun when using an acidic
coagulation bath (Nechyporchuk et al. 2017). Apparently, the proton exchange occurring
in the carboxymethyl groups in the acidic environment proceeds fast enough to collapse
the CNF dispersion and thus increase the number of the critical interfibrillar interactions
almost immediately. Besides spinnability, the coagulation speed also influences the
ensuing filament quality, as will be discussed further below.

4.3 Continuous spinning and drawing achievable by coaxial spinning
with a supportive polymeric shell

Unmodified CNF could be wet-spun into a continuous filament by using a coaxial
spinning system (Paper IV). When extruding a CA shell around the CNF simultaneously
during wet-spinning into water (Figure 6a), filament could be spun as fast as 33 m/min.
The same system allowed for stretching the filament in the water coagulation bath up to a
draw ratio of nine. These represent the fastest wet-spinning process and highest draw
ratio applied to CNF so far.

The produced filament was soaked in acetone in order to remove the shell through
selective dissolution, thus obtaining a continuous filament consisting essentially of
unmodified CNF only. The result implies that the production of such filaments could be
scaled up by using an “islands-in-the-sea” configuration with multiple extruding orifices
for CNF contained in a larger one for CA. The selective dissolution approach could be
then employed to recover the supporting CA and attain a bundle of neat CNF filaments.

With a GG shell, CNF could also be continuously wet-spun into acetone, though the
system required an additional conveyor belt in order to support the wet filament on the
way from the bath to the winder (Figure 6b). This filament (denoted as CNF/GG) could
not be drawn and the maximum production speed remained lower (1.2 mm/min) than that
for CNF with a CA shell (CNF/CA). Nevertheless, the filament became qualitatively
more ductile than the continuously spun CNF/CA. This development was attributed to the
more effective coagulation of CNF in acetone as well as increased interfacial affinity
between the core and the shell, as discussed below.

The core/shell spinning system could enable not only more effective processing but also
new filament properties. As an example, adjustments to filament strength and water
absorption capacity will be discussed below. Previously, core/shell structures have been
proposed for various purposes, such as fire-retardant filaments (Nechyporchuk et al.
2017), separators for lithium ion batteries (Huang et al. 2015) and hollow fibres through
selective removal of the core component (Pakravan et al. 2012; Li & Xia 2004). Related
or new functions could be achieved by further changes in the core and shell materials as
well as the processing conditions.
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4.4 Coagulation rate and interfacial adhesion determine filament
strength

Figure 10 shows the stress-strain curves and fibril orientation for filaments prepared with
the core/shell spinning system. Insets to Figure 10a display bright diffraction rings with
intensity concentrated in the vertical direction, interpreted as a sign of preferential fibril
alignment in the horizontal (filament axis) direction. The orientation index and Herman’s
orientation parameter plotted in Figure 10b are calculated based on these intensity
distributions (Equations 18 and 19, respectively).

Figure 10. (a) Stress-strain curves for core/shell filaments and CNF only (i.e., CNF/CA
after the removal of CA). Coagulant is indicated with letters following sample name:  A –
acetone, E – ethanol. Insets show the respective WAXS diffractograms. (b) Degree of
orientation (grey columns) and Herman’s orientation parameter (red columns) for
indicated filaments.
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The acetone-coagulated CNF/GG filament had the most aligned CNF (orientation index
0.55±0.02, Herman’s orientation parameter 0.40±0.03), which also manifested as the
strongest mechanical performance (tensile strength 69.5±15.7 MPa, Young’s modulus
2.07±0.12 GPa). This can be explained by acetone coagulating CNF fastest, thus allowing
the shortest time for the fibrils to lose the alignment attained upon exposure to the shear
inside the needle (Paper IV).

When the coagulant was changed to ethanol, less orientation was retained and thus the
filament strength deteriorated. The loss of orientation was compensated by changing the
shell material from GG to CA, which was dissolved in acetone. Thus, CNF was still
accessed by a small amount of acetone right after extrusion, coagulating aggressively for
a short time before full solvent exchange to ethanol. However, these CNF/CA filaments
became weaker (tensile strength 29.9±7.5 MPa, Young’s modulus 0.91±0.09 MPa) than
the less oriented, ethanol-coagulated CNF/GG (tensile strength 38.0±9.9 MPa, Young’s
modulus 1.31±0.12 GPa). This is, most likely, due to the stronger interfacial affinity
between CNF and GG than between CNF and CA (Paper IV).

4.5 Large surface area and high surface charge facilitate water
sorption

Cellulose has a naturally high affinity to water because of the abundance of free hydroxyl
groups in its chemical structure. When disintegrating cellulose fibres into CNF, this
property is even enhanced, as more surface area is liberated. However, forming CNF into
structures that capitalise on the water affinity in practice is not trivial. For example, a
CNF film cast from acetone sorbs similar amount of water vapour (Paper I) but less
liquid water (Figure 11a) than similarly cast wood fibres that were used as the precursor
for CNF preparation. This can be explained partly by the density of the film structure,
partly by the preference of the CNF to expose their hydrophobic crystal planes when
immersed in acetone, which was applied here in attempt to simulate the coagulation
conditions.

In order to facilitate sorption, CNF need to expose a large surface area with high affinity
to water. In wet-spun filaments, this can be achieved by chemical modification of the
cellulose surface or by adjusting the coagulation conditions to prevent filament
densification. Here, the latter alternative was accomplished by spinning the CNF into
water (Paper IV). As CNF cannot form a filament in water, it was enclosed inside a shell
of CA, which coagulates in water effectively. The resulting bicomponent filament could
absorb >20 times its own weight in water (Figure 11a). The water absorption capacity
could be increased further, up to 43 g water / g dry filament, by soaking the filament in
acetone to remove the CA shell. This is on a similar (Kettunen et al. 2011; Brodin et al.
2012) or lower (Jiang & Hsieh 2014b; Jiang & Hsieh 2014a) level compared to the water
absorption of cellulosic aerogels. As an advantage, the filaments can be prepared without
the energy-intensive freeze-drying required to make aerogels.

In a CNF/GG bicomponent filament, the high absorbency effect was not observed
(Figure 11a), as this filament was prepared in acetone, which tends to densify CNF more
extensively than water. Moreover, the GG present in the filament can strongly hydrogen
bond with cellulose, thus further densifying the structure and leaving fewer hydrogen
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bonding sites available for water molecules. Low-affinity core/shell interface and
mitigated coagulation can, therefore, be concluded to advance water absorption.

Figure 11. (a) Water absorption capacities of core/shell filaments along with reference
cellulosic materials. (b) Dynamic vapour sorption (DVS) analysis of filaments spun from
CNF and TOCNF (solids content 2 wt.%). (c) Photographs of a drop of water on flat
films prepared from CNF (left) and TOCNF (right). (d) Filament tensile strength and
Young’s modulus as a function of the orientation index. Percentage numbers denote the
solids content of the hydrogel used as the spinning dope. (e) Representative stress-strain
curves for filaments spun from CNF and TOCNF (solids content 2 wt.%) in dry
conditions (RH 50%) and after soaking in water for two hours (inset).

As an alternative, TEMPO-oxidation was employed as a chemical pretreatment before
CNF preparation in order to increase the surface charge and thus also the water affinity of
cellulose (Paper I). Simultaneously, the ensuing TOCNF developed a larger surface area
(i.e., thinner and longer fibrils), owing to the increased electrostatic repulsion that
allowed TOCNF liberation by using only one pass through the microfluidiser. A filament
wet-spun from TOCNF sorbed ~60% more of water vapour than a CNF filament at each
cycle of high relative humidity (Figure 11b). The stronger water affinity of TOCNF is
also demonstrated as a lower water contact angle in comparison to CNF (Figure 11c).
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The TOCNF filaments also contained exceptionally aligned CNF (orientation index 83%),
which manifested as a high Young’s modulus of 21 GPa (Figure 11d). This can be
explained by the enhancing effect of the high surface charge on the flow-induced
alignment (Figure 2). In aqueous media, charged surfaces have associated electric double
layers, which overlap when similarly charged surfaces approach each other. Thus,
osmotic pressure increases between the surfaces, causing them to repel each other.
Similar effect can facilitate fibril alignment under flow, as fibrils can pack together with
less contacts in an oriented configuration. The effective alignment of TOCNF in a
hydrogel under flow was visualised with polarised imaging during rheological
measurements (Paper III). As TOCNF filaments have aligned and strong structures able
to absorb large amounts of moisture, they could be used in applications where the
filament has to bear load as well as perform as an absorbent or moisture buffer, such as
interior textiles.

However, the strength of TOCNF filaments significantly deteriorates in wet conditions
(Figure 11e). This effect is somewhat mitigated in unmodified CNF filaments consisting
of thicker fibrils with less charged surface area and thus less water affinity and sorption
capacity (Figure 11c, b, respectively). Thus, the presence of large amounts of water in
the highly absorbing filaments markedly disturbs their mechanical integrity, as the water
molecules compete for the hydrogen bonding sites with adjacent fibrils. If (TO)CNF
filaments are used as absorbents in applications where they have to bear load in the wet
state, additional modification is necessary in order to ensure the mechanical stability in
wet conditions.

4.6 Stability in water requires interfibrillar crosslinking

Interfibrillar crosslinking, water-resistant shell and surface hydrophobisation were all
studied as alternative methods to enable wet stability. The Young’s moduli and tensile
strengths in dry and wet conditions achieved with each of these approaches are compiled
in Table 5. Compared to the unmodified values, hydrophobisation with dimethyl
dichlorosilane slightly increased the wet modulus and strength. Most likely, this occurs
because of the coating hindering the complete wetting of the filament, as supported by the
enhanced water contact angle (from 57° to 96°) and hydrolytic stability as well as
lowered surface energy (from 47 to 17 mJ/m2) in this modified filament compared to a
pristine one (Paper V).

As an alternative to preventing the water from entering the filament, CNF was enclosed in
a water-resistant shell of CA that could support the filament in wet conditions. While the
chlorosilane coatings were deposited from chemical vapour into a thin coating layer
(Paper V, Figure 12a, b), CA was spun from a solution together with CNF in a coaxial
configuration (Paper IV). Consequently, the shell layer of CA became so thick that it can
be seen as a distinct layer in a cross-sectional image (Figure 12c). The thick shell was
able to support the filament in wet conditions enough to increase the relative values of
wet modulus and strength compared to dry ones, even though the absolute values
decreased due to a less optimal spinning process employed for the core/shell filaments
(Table 5).
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Table 5. Dry and wet Young’s moduli and tensile strengths for filaments modified with
the specified methods.

Method Dry
modulus

Wet
modulus

(% of dry)

Dry
strength

Wet strength
(% of dry)

Paper

No modification 10-20
GPa

~0 (0%) 160-330
MPa

0.4-6 MPa
(< 2%)

I, II,
V

Dimethyl dichlorosilane
hydrophobisation

7.5±1.0
GPa

0.28±0.08
GPa (4%)

127±17.1
MPa

4.9±0.7 MPa
(4%)

V

CA shell 0.91±0.09
GPa

0.12±0.01
GPa (14%)

29.9±7.5
MPa

2.94±0.62
MPa (10%)

IV

Benzophenone-
crosslinking

11.6±1.7
GPa

7.3±2.0
GPa (63%)

127±31
MPa

103±38 MPa
(81%)

II

Clearly, wet modulus and strength were highest for the filament crosslinked with
benzophenone (Table 5). It should be noted that this filament was tested with a faster test
speed than the CA-covered and hydrophobised filaments. Thus, using a completely
comparable measurement procedure, they could have an even larger difference in
performance. This observation highlights that, rather than trying to prevent the water
from accessing the CNF or supporting the filament by applying an outer water-resistant
layer, it is most important to ensure that the CNF hold together despite the exposure to
water. Apparently, regardless of the filament surface chemistry, water eventually
penetrates among the CNF and competes for hydrogen bonding sites with the fibril
surface hydroxyl groups. This makes it crucial to connect the CNF in the filament
structure not only with hydrogen bonding but also by other means, such as covalent
bonding (Paper II).

Certain applications, such as wearable textiles for outdoor use, require both wet strength
and a water-repellent and breathable surface, in order to ensure not only durability but
also comfort in wet conditions. For this kind of use, a combination of cross-linking and
surface modification may be optimal. Also other further developments would be
necessary to optimise the filaments for wearable use. For example, the dispersion of the
CNF in the precursor hydrogel would need to be developed to enable spinning thinner
filaments. Still, thin enough filaments for staple fibre production may remain
unachievable due to clogging. In that case, CNF filaments can most potentially be
processed into filament yarns, which can accommodate thicker filaments.
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Figure 12. Scanning electron micrographs of (a) unmodified and (b) dimethyl
dichlorosilane –modified CNF filament, (c) CNF/CA core/shell filament cross-section as
well as (d) TOCNF and (e) BP-CNF filaments.
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5 Concluding Remarks

This work covered both fundamental and practical aspects of wet-spinning of CNF
hydrogels. We proposed a rheological approach to evaluate the suitability of CNF
hydrogels as dopes for wet-spinning. Also, we addressed CNF filament properties in
relation to the effect of water and moisture, which have not been examined previously.
The interactions of water with the filaments were shown to be tuneable through the
selection of the CNF type and spinning conditions. Furthermore, filaments could maintain
their mechanical integrity in wet conditions through interfibrillar crosslinking. Finally,
this thesis introduced a system for high-throughput production of continuous CNF
filament by utilising a core/shell configuration that used a supporting polymer. An in-
depth study of this bicomponent system unveiled the essential influence of coagulation
conditions as well as the interfacial affinity between the components: thorough
coagulation and a high-affinity interface led to denser and stronger filaments, while
limited coagulation and a low-affinity interface resulted in porous filaments with a
remarkable water absorption capacity.

Future work is necessary in order to generalise the prediction of spinnability through
rheometry for more complex systems, such as those employing different spinning
conditions, different types of CNF or blends with other components. In addition, suitable
additives could be explored to modify the rheology of CNF towards more facile
spinnability. Furthermore, new ways should be developed in order to exploit the water
affinity and moisture sorption capacity of the filaments; for example, in the development
of superabsorbent or moisture buffering materials. Furthermore, the core/shell spinning
system could be further enhanced by exploring shell materials that not only support the
processing but also bring new functionalities.

In general, the research regarding CNF spinning has strongly accelerated in the recent
years and taken large development steps both in terms of the process efficiency and
filament properties. Even several functional filaments have been proposed for specific
applications. Most likely, the first commercialised CNF filaments will be seen in products
with a high added value and low volume. To achieve this, a target application and
systematic development of filament and process qualities will be required.
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