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1. Introduction

Petrochemical plastic materials are ubiquitous and a deservedly integral
part of the modern material spectrum. Not only are they durable and
inexpensive, but they can be efficiently molded into complex shapes. The
regrettable downside is that there are severe detrimental environmental
issues associated with their production, usage, and disposal. The list of
such issues includes accumulation of microplastics in the marine environ-
ment [1, 2], finiteness of petrochemical resources [3] and carbon emissions
associated with their production [4]. Rising consumer awareness regard-
ing these detrimental aspects has given new impetus to the development
of alternative raw materials with a reduced environmental impact. A
plethora of sustainable material options exist. Few show as much promise
as cellulose.

The scale of cellulose production in the biosphere is enormous with an-
nual production rates estimated between 7.5 · 1010 [5] and 1.5 · 1012 tons
[6, 7]. The term "inexhaustible" is rarely encountered in scientific litera-
ture, yet it is repeatedly used to describe the abundance cellulose [8, 9, 10].
Considering the enormous biochemical and phylogenetic diversity of plant
life, the central role of cellulose is compelling evidence for its utility and
versatility. The value of cellulose is also reflected in its widespread use in
clothing, construction, packaging, food, and pharmaceutical industries. Re-
cent demonstrations of man-made native cellulose structures in filaments,
films, and specialized 3D structures also suggest that the full potential
of cellulose remains untapped. For example, recently demonstrated wet
spun filaments composed of cellulose nanofibrils exceed dragline silk, the
gold standard of natural materials, both in terms of specific strength and
stiffness [11]. Such results imply a diverse role for cellulose in future
bioproducts.

One major hurdle regarding wider adoption of native cellulose is that
in terms of processability, native cellulose remains less economically vi-
able in industrial processes, such as spinning and additive manufacturing,
compared to melt-processable petrochemical plastics. This dissertation
explores production processes for native cellulose-based structures to iden-
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tify process domain bottlenecks and propose novel methods that address
them. Rather than a purely chemical perspective, the research approach
in this dissertation is based on the exploration of parameter space through
prototype process machinery development. Two manufacturing processes,
spinning and additive manufacturing, are investigated and both theoreti-
cal and practical aspects of these processes are discussed. New approaches
to both spinning, additive manufacturing and the analysis of the produced
structures are introduced.

1.1 Objectives and scope of this research

The central theme of this dissertation is increasing the technological ma-
turity of high value-added cellulose constructs in the process and process
machinery domain. The objective is to provide knowledge regarding the
transition from proof-of-principle to proof-of-concept and beyond. This
transition requires adapting knowledge from the material science domain
into the process domain and further into the process machinery domain.

Two types of manufacturing processes were researched, spinning (Publi-
cation I and Publication II) and additive manufacturing (Publication III
and Publication IV). These manufacturing processes pose their distinct
challenges. Nonetheless, similar material behavior and forming steps are
present in both and thus their technological development runs parallel to
an extent. They both exemplify how the properties of the polymer, fibril,
fiber and fiber network influence both the process constraints and the
structure of the end product. The overarching theme in this work is to
elucidate the interrelations that govern these processes and how they need
to be considered in upscaling. Furthermore, cost-effective hardware and
software tools are evaluated and introduced for bioproduct prototyping.
These tools include the shape fitting algorithm introduced in Publication
III and the extruder design described in Publication IV.

More precisely, the four main research questions of this dissertation are

1. What changes are required in wet spinning machinery to accommodate
spinning dopes with comparatively slow coagulation rates?

2. Can design intent be preserved in additive manufacturing of nanocellu-
lose suspensions with atmospheric evaporative drying?

3. What are the distinctive material-process-property relationships that
describe native cellulose material processes?

4. How does knowledge about material behavior propagate into machine
design requirements?
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Given the focus on the process and process machinery domain, raw mate-
rial optimization is omitted from this dissertation. While some parameters
regarding the raw material composition are included, the majority of the
experimentation is performed by tuning the process parameters. These pa-
rameters include, for example, flow rate, syringe orifice diameter, process
speeds, and drying conditions. Furthermore, the research presented herein
is based on native cellulose. This means molding of constructs comprised
predominantly of cellulose derivatives or cellulose solutions is not within
the scope of this dissertation. Cellulose derivatives, as well as cellulose
dissolution, are described in section 2.2 to facilitate comparison.

In-depth chemical characterization of the produced constructs pertaining
to chemical composition and reactions is outside of the scope of this disser-
tation. References to previous work including relevant measurements are
provided where available. The focus of this dissertation regarding sam-
ple characterization is on macro-scale properties such as tensile strength,
stiffness, geometry, and porosity. Systematic determination and mapping
of potential end-use applications for the produced constructs is not in the
scope of this dissertation.

1.2 Scientific contribution and methods

This dissertation addresses research gaps both in spinning and additive
manufacturing of native cellulose structures. In Publication I, a spinning
method for producing yarn out of softwood pulp fibers is demonstrated.
The method has been demonstrated at a smaller scale in earlier research
[12]. The work in this dissertation extends previous work by introducing
a spinning approach based on an ethanol flow in an inclined channel for
transporting and drawing the incipient yarn. This approach was system-
atically evaluated and the influence of process conditions was analyzed
based on data from yarn sample characterization.

Similarly, the spinning approach reported in Publication II demonstrates
how coaxial spinning can be used to increase spinning rates by several
orders of magnitude compared to previous work. In coaxial spinning, the
cellulose nanofibrils act as a load-bearing component and the shell compo-
nent enables improvement of both the spinnability and the properties of
the bicomponent filament. The primary purpose of the shell is to support
the incipient structure during filament formation. Two biopolymers were
used as shell material, cellulose acetate (CA) and guar gum (GG). CA
is a widely used hydrophobic cellulose derivative and GG is a common
plant-derived thickening and stabilizing agent. Both CA and GG coagulate
quickly when exposed to a suitable antisolvent. While spinning pure CNF
requires delicate handling, the addition of a CA or GG shell facilitates
increasing spinning speeds and drawing. Bicomponent filaments were
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spun and characterized and the interaction between the different core and
shell materials was evaluated using data from filament characterization.
The trade-off between spinning rate maximization and filament properties
is discussed.

In Publication III the shape fidelity of high consistency additively man-
ufactured nanocellulose constructs was evaluated. Nanocellulose was
three-dimensionally (3D) printed using different solids contents (SC) and
the ensuing structures were dried in different temperatures and relative
humidities. The tensile properties, as well as the internal porosity dis-
tribution of the printed constructs, were measured and analyzed. A 3D
scanning based measurement and analysis method for quantifying the
drying deformation is introduced. The results reported in Publication III
are, to the author’s best knowledge, the only available detailed quantitative
analysis on the drying deformation of air-dried additively manufactured
constructs composed solely of enzymatically fibrillated nanocellulose.

Whereas Publications I-III investigate bioproduct manufacturing pro-
cesses as a whole, Publication IV focuses on a single machine element,
namely a syringe pump. In Publication IV a syringe pump design was
developed that can be used both for dosing and printability assessment of
various fluids. The distinct feature of this syringe pump design is that it
enables in situ monitoring of extrusion pressures. Similar pressure-driven
dosing was utilized in Publication I and Publication III. The design was
validated by measuring its performance experimentally in both dosing and
3D printing. The open-source design can be manufactured using entry-
level 3D printing equipment and the price of the required components is
less than a tenth of commercially available equivalent syringe pumps.

1.3 Outline of the thesis

The second chapter gives an overview on the structure-property-process
relationships of cellulose-based structures and how they are taken into
account in manufacturing processes to form man-made constructs. The
principles introduced in the second chapter provide the necessary frame-
work for describing the developed processes and associated design decisions.
The third chapter describes the materials and methods used in the experi-
ments conducted in this research. Chapter 4 highlights the most important
results of the research. The final fifth chapter gives concluding remarks
and discusses the implications of this research.
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2. Background

This section highlights the aspects of structure-property-process relation-
ships in both natural and man-made cellulosic constructs that the author
considers most essential. The focus is on the processes and therefore the
pertinent cellulose chemistry is only cursorily described. The inherent
limitations, as well as the remarkable potential of cellulosic raw materi-
als, are discussed. Such insight is important in process development to
facilitate attaining desired properties in man-made constructs. The two
focal manufacturing processes, spinning and additive manufacturing, are
described in detail.

2.1 Cellulosic structures in nature

Cellulose is the structural component in both woody and herbaceous plant
cell walls. The name ’cellulose’, given by French chemist Anselme Payen
in 1838, stems from it being the prevalent carbohydrate in plant cells
[13]. Cellulose is a linear homopolysaccharide comprised of β(1→4) linked
D-glucopyranose units and its biological function is based on the distinct
fiber morphologies it forms [8]. These 3D architectures enable diverse
mechanical functions including liquid transport [14], adaptive stiffness
[15] and humidity responsive actuation [16].

Morphological differences explain the suitability of the respective natural
fibers for different applications. For example, the cotton fiber, which is
nearly pure cellulose, exhibits a high crystallinity, molecular weight and
aspect ratio. Additionally, it is porous and hydrophilic and thus able
to retain water tenaciously [17]. These factors facilitate the production
of cotton fabrics with desirable tensile, flexural and moisture transport
properties [18].

The supramolecular structure of the cellulose polymer is semicrystalline
meaning it exhibits ordered (crystalline) and disordered (amorphous) sec-
tions. Chemical and biochemical reactions of less crystalline cellulose
are usually more rapid than those of highly crystalline materials [19].
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Consequently, they also exhibit differences in terms of e.g., strength and
solubility [5, 8]. While cotton fibers exhibit the highest level of crystallinity
among commercial plant fibers, more esoteric sources such as algae or
tunicate exhibit even larger and more oriented crystallites. These nat-
ural fibers lack widespread commercial use, but they have been of high
scientific value as superior structural data can be obtained from larger
crystallites [20, 21]. Most conventional samples of cellulose have at least
some amorphous character [8].

Native wood fibers are inferior in terms of crystallinity, aspect ratio,
molecular weight as well as cellulose content compared to cotton, algal or
tunicate fibers [8]. However, in terms of man-made constructs wood fibers
are of the highest commercial importance. The agricultural challenges
involved in the production of premium biomass, such as cotton, have
incentivized the transition to cellulose sources requiring less arable land,
irrigation, and pesticides. Additionally, biomass sources that do not directly
impinge the production of comestible crops are increasingly attractive due
to the global growth in population and prosperity [22]. Wood-derived
biomass meets these criteria.

Cellulose comprises approximately 40 – 55 % of the biomass of a given
species of wood and it is located predominantly in the secondary cell wall.
A majority of wood cells are hollow, elongated, and pointed at the ends. The
other two main constituents of wood-derived biomass are hemicellulose
and lignin. Consequently, this type of biomass is termed lignocellulose.
Together these three biopolymers form the composite cell wall structure
where cellulose microfibril bundles are embedded in a tightly woven mesh-
work. Hemicellulose is present between cellulose microfibrils, whereas
lignin envelopes the other two constituents [23]. The microfibril bundles
are oriented within the plant structure to meet the needs of that particular
section in terms of rigidity and strength [24].

In a fractal symmetry, the building blocks of microfibrils are elementary
fibrils [25, 26]. While several competing models for the exact shape and size
of the elementary fibrils have been proposed, they are commonly described
as a chain-like aggregate composed of 36 cellulose molecules arranged in
a 6 by 6 rectangular shape [27]. The parallel cellulose molecules interact
with each other through intermolecular hydrogen bonds and hydrophobic
interactions. The length of the cellulose molecule, commonly referred to
as the degree of polymerization (DP), varies depending on the source and
type of cellulose. It can vary from 300-1700 for wood pulp and up to 10 000
for cotton and flax [8]. The hierarchical structure of wood is illustrated in
Figure 2.1.
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Figure 2.1. Scales of cellulose structures, adapted from [28, 29, 30, 31]

2.2 Processability of cellulose

Some naturally occurring cellulosic structures, notably wood as timber and
cotton as staple fibers, can be used almost directly to produce man-made
goods. To form filaments, films, sheets or more specialized 3D structures
from wood-derived biomass, it needs to be converted into a moldable feed-
stock. This moldability is typically achieved by producing suspensions,
dispersions or solutions which are preferential in most established manu-
facturing processes. Production of such feedstocks involves deconstruction
and purification along with other physiochemical treatments tailored to
meet application and process-specific requirements. Deconstruction can
be performed to a fibrillar, microfibrillar, nanofibrillar or polymer level.
Process and product domain requirements largely dictate the required
extent of deconstruction. The method and route of deconstruction have a
substantial impact on the required energy and processing [32].

Most commercial lignocellulosic products, other than timber or fuelwood,
begin with cellulose that is in the form of pulp and a vast majority of com-
mercially produced pulp is used in paper and board production. Pulping
partially separates cellulose from the cell wall and hemicelluloses selec-
tively dissolving lignin. The process leaves cellulose in a fibrous form that
is more susceptible to chemical treatment than the starting material [33].
The kraft cooking process is the most common biomass deconstruction
method for producing paper-grade pulp and it is used to produce approxi-
mately 13 · 10 10 tons of pulp annually [34]. After the kraft process, the
resulting pulp may be further purified and otherwise treated to meet the
requirements of further processing [33].

While wood pulp fibers are a versatile material, and they are used in a
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Figure 2.2. Historic word occurrence of terms ’nanocellulose’, ’microfibrillated cellulose’,
’cellulose nanocrystals’ and ’cellulose nanofibrils’ in academic papers between
the years 1983 to 2018. Data analysis completed using Google Scholar search
system on October 30th 2019.

multitude of forest products, deconstruction to a nanoscale unlocks even
further possibilities. The increasing interest in nanomaterials from renew-
able origins and their unique properties have led to intensive research into
micro- and nanoscale celluloses. Figure 2.2 depicts the increase in word
occurrence of terms ’nanocellulose’, ’microfibrillated cellulose’, ’cellulose
nanocrystals’ and ’cellulose nanofibrils’ in academic papers.

Micro- and nanocelluloses comprise a group of versatile materials in-
cluding microfibrillated cellulose (MFC), microcrystalline cellulose (MCC),
cellulose nanofibrils (CNF), cellulose nanocrystals (CNC), bacterial cel-
lulose (BC). Some of these materials are already common in consumer
products, such as the non-fibrous MCC (E number E460) which is widely
used in the food, pharmaceutical, and cosmetic industry [23]. Others, such
as CNF, show remarkable potential but their processing into macroscale
constructs is still at an early stage in terms of technological maturity.

MFC was first produced by Turbak et al. [35]. MFC consists of both indi-
vidual and aggregated semi-crystalline entangled nanofibrils measuring
between 3-100 nm in width and exceeding 1 µm in length. The terms MFC
and CNF have been used somewhat interchangeably which has resulted
in some ambiguity regarding nomenclature. The term "microfibrillated
cellulose" was used by the original investigators and it is commonly used
for fibrillar cellulose material containing a wide range of micro and nano-
scale particles. When the cellulose fibrillation is assisted using specialized
methods such as TEMPO (2,2,6,6-tetramethyl piperidine-1-oxyl radical)
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mediated oxidation [36] the resulting nanoparticles have a narrower size
distribution and a smaller average size compared to MFC produced with
conventional methods. In such cases, the resulting material is typically re-
ferred to as CNF. CNC is more distinct from CNF or MFC as it is produced
by dissolving the amorphous domains of the nanofibers by acid hydroly-
sis. This results in cellulose nanoparticles with a smaller aspect ratio but
higher relative crystallinity compared to CNF [29].

The properties of nanocellulose have been extensively reviewed [31, 37,
38, 39, 40]. Concisely, nanocelluloses have remarkable specific properties,
they are chemically versatile and biodegradable. The high specific mechan-
ical properties are especially interesting regarding man-made constructs.
The properties of individual nanofibrils are an indicator of the strength
potential of nanocellulose. Numerous approaches including atomic force
microscopy [20, 41, 42], Raman spectroscopy [21, 43, 44] and X-ray diffrac-
tion [45, 46, 47] have been used to estimate the longitudinal modulus of
cellulose nanofibrils. The modulus varies between source and production
method, but the average value is approximately 100 GPa [39, 31]. With
a density of approximately 1.6 g cm-3 for crystalline cellulose [31], the
specific Young’s modulus is approximately 3 times that of steel. Saito et
al. [48] estimated a tensile strength between 1.6 to 3 GPa for individ-
ual wood cellulose nanofibrils through sonication induced fragmentation.
The withstanding engineering challenge is to translate the extraordinary
mechanical properties of nanoscale building blocks into equally extraor-
dinary properties of human scale constructs. Recently, Mittal et al. [11]
demonstrated that that by careful control of the CNF orientation through
hydrodynamic alignment in wet spinning, properties in macrostructures
near the theoretical maxima established for nanofibrils are achievable.

CNF are typically used in aqueous colloidal dispersions that form a thick
gel even at low solids contents. The high available surface area coupled
with the hygroscopic nature of cellulose means the colloidal dispersions
of CNF have a water binding capability. The colloidal behavior of CNF
in liquids is complex due to factors including nanofibrillar interactions,
a broad distribution of length, process-induced deformation and facile
gelation into a disorganized state. Thusly, the flow processing of CNF
needs to account for its non-linear and time-dependent flow behavior [49].

Nanocelluloses are widely researched in a multitude of applications,
albeit their large scale, energy-efficient and consistent production has re-
mained challenging [50]. A common technique for deconstructing cellulose
fibers into micro- or nano-scaled celluloses is microfluidization which is
performed with e.g., Z-shaped fluidizers or Masuko grinders. The mechan-
ical production route consumes a high amount of energy which in turn
increases the production costs. Various pretreatments have been proposed
to decrease the energy consumption and improve the processability of the
ensuing suspensions [29, 51].
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Pretreatments aim to enhance the reactivity of cellulose and decrease
the energy required to break lignocellulosic biomass down. A multitude of
physical, chemical, physiochemical and biological pretreatments have been
researched and developed. The majority of them have been focused on the
production of biofuels from lignocellulosic feedstocks [52]. In the context
of this dissertation, two different pretreatments were used to facilitate
the processing of cellulose: deep eutectic solvents (DES) (Publication I)
and enzymatic hydrolysis (Publication III). Both of these pretreatments
influence the interaction of the fibers resulting in increased processability.

DESs consist of two or more interacting components, which result in a
mixture with a lower melting point compared to the individual precursor
components. Choline chloride and urea mixture (ChCl/urea) is a widely
researched DES due to its biodegradability, recyclability, relatively low
toxicity and vapor emissions [53, 54]. Tenhunen et al. [55] showed that
the morphology of cellulose pulp fibers treated with ChCl/urea (16 h at
100 °C) was largely unchanged by the pretreatment. There was also no
evidence of derivatization of the cellulose and only negligible changes
in monosaccharide contents. Therefore, ChCl/urea is a promising non-
aqueous dispersant and rheological modifier for production of processable
high elongational viscosity fiber suspensions [55, 12].

The other pretreatment method, enzymatic hydrolysis, has been inten-
sively researched for the saccharification necessary for biofuel production
[56]. Mild enzymatic hydrolysis with a monocomponent endoglucanase
combined with mechanical shearing and high-pressure homogenization
has also been demonstrated as a route to produce controlled fibrillation
[57]. Enzymatic pretreatments are considered to have a lower environmen-
tal impact compared to equivalent chemical and mechanical fibrillation
methods [58]. A novel enzyme assisted high-consistency enzymatic fibril-
lation method (HefCel) [59, 60] was used to produce pastes suitable for
extrusion-based additive manufacturing in Publication III.

Two processability factors govern the deconstruction of cellulose to a poly-
mer level, namely insolubility, and unmeltability. The ordered supramolec-
ular structure induced stability of the cellulose polymer results in imper-
viousness to common organic solvents as well as a lack of distinct molten
state [8]. When subjected to high temperatures above 300°C, instead of
a phase transition from solid to molten, cellulose fragments into volatile
organic compounds and aerosols. The thermal decomposition of cellulose
is temperature dependent and the decomposition products vary based on
temperature. Pyrolysis of cellulose has been intensively researched to
improve e.g., flame retardancy treatments [61, 62].

These process domain restrictions apply especially to extrusion-based
manufacturing processes such as spinning (see section 2.4) and additive
manufacturing (see section 2.5). The stability of cellulose means there
are two options to achieve polymer-level deconstruction, use of specialized
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solvents or disruption of the intra- and intermolecular bonding via deriva-
tization [63]. Both cellulose dissolution and derivatization are broad topics
and have been extensively studied and only a cursory description of them
is possible in the context of this dissertation.

The apparent difficulty of cellulose dissolution has been of little de-
terrence in the field of cellulose chemistry and several viable routes for
cellulose dissolution have been demonstrated over the last 150 years [5, 64].
Cellulose dissolution is divided into derivatizing and non-derivatizing or
direct dissolution methods. This term indicates whether the formation
of an intermediary derivative, such as cellulose xanthate, was used in
the production of the regenerated cellulose structure. The most commer-
cially significant regenerated cellulose spinning approach is the viscose
process which is based on xanthogenation using carbon disulfide [65]. De-
spite significant improvements in recycling yields of process chemicals, the
chemical and energy resource intensiveness remain sustainability concerns
regarding the viscose process [66].

Direct dissolution of cellulose can be performed using, for example N-
methylmorpholine-N-oxide (NMMO) which can dissolve cellulose without
prior activation or derivatization [67, 68]. More recently, ionic liquids have
been demonstrated as a potential direct dissolution approach. Dissolu-
tion with ionic liquids enables increasing the cellulose concentration of
the spinning dope which in turn allows decreasing the temperatures in
dope preparation and spinning. These milder processing conditions result
in lower cellulose degradation which translates into higher yields and
superior mechanical properties [69, 70].

In addition to being a viable option to increase solubility, cellulose deriva-
tization can be used to produce melt-processable materials. The hydroxyl
groups in the cellulose molecule can be substituted with functional groups.
Esterification and etherication are the most common substitution reactions.
A great number of derivatives have been prepared using these reactions
and various reagents. The types of substituents, the degree of substitution,
the uniformity of substitution, and the degree of polymerization determine
the chemical and physical properties of the derivative [71]. Derivatization
enables the production of thermoformable products and also increases
options regarding solvents [71]. Cellulose acetate was the first industrially
utilized thermoformable plastic and continues to be of high commercial
importance in e.g., films and filters [72, 8]. Some derivatives, such as
cellulose acetate, may be deacetylated by alkaline treatment to produce
pure cellulose structures.

In derivatization, some advantageous properties of native cellulose are
traded for improved moldability. A consequence of the disruption of the
inter- and intramolecular hydrogen bonding is that the potential for the
development of mechanical properties is degraded. From an environmen-
tal perspective, derivatives may be problematic as derivatization results
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in decreased biodegradability. Depending on the degree of substitution,
cellulose derivatives exhibit varying degrees of biodegradability [73, 74].

2.3 Forming fibrous structures

Derivatization and dissolution are often employed in forming cellulosic
structures and they are demonstrably viable options for production of man-
made constructs. While the overarching goal in the 20th century has been
the full polymeric deconstruction and reconstruction of cellulose, current
research trends imply an increasing interest in retaining and benefiting
from the native cellulose structure [40, 75, 29]. Many challenges regarding
chemical recycling and waste management can be circumvented if the pulp
fiber based material can be converted into high value-added bioproducts
using aqueous phase chemistry and generally milder processing conditions.

Forming pulp fibers in aqueous conditions is almost synonymous with
papermaking and there is an extensive body of scientific literature dis-
cussing the engineering aspects of papermaking. An understanding of
papermaking fundamentals informs analyses on other cellulose fiber based
architectures such as pulp fiber yarns (Publication I) and 3D printed struc-
tures (Publication III). Naturally, many of the phenomenological results
derived from papermaking science are not directly applicable to other
processes or manipulation of finer cellulose materials such as CNF.

In broad terms, papermaking revolves around forming aqueous pulp fiber
slurries into planar fiber networks. Therefore, the dimensions, properties
and interactions of the network building blocks i.e., individual fibers play
an important role. For example, the higher aspect ratio (also referred to
as slenderness ratio) softwood pulp fibers is desirable in papermaking as
they are likely to form several fiber-fiber bonds in the sheet [76].

While scientific principles underlying sheet manufacture have remained
unaltered since Louis Robert and Fourdrinier brothers, each of the nu-
merous unit processes involved in papermaking have been substantially
improved both in terms of throughput and quality [77]. A Fourdrinier style
paper machine contains five main sections: stock feeding, wet forming
section, press section, dryer section, and finishing section [78].

The first crucial steps in papermaking revolve around producing a slurry
of pulp fibers and water. The inclusion of water into the fiber network
alters the hydrogen bonding of the fiber network as the cellulose and
water molecules compete in forming hydrogen bonds. Water interrupts the
bonding between cellulose fibers but as they come in close contact, they
interact forming larger agglomerates, which behave as larger solids in the
suspension. This phenomenon is typically referred to as flocculation. The
mechanistic behavior and flow properties of pulp fibers in aqueous systems
are quantified by crowding factors. Calculation of the crowding factor is
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based on the average number of contacts between individual fibers, which
correlates to the aspect ratio of the fibers as well as the fiber concentration
of the suspension. In other words, longer fibers and more concentrated
slurries exhibit a higher flocculation propensity. Excessive agglomeration
of the pulp fibers hampers processability and results in unevenness of the
formed sheet [79]. Defibration or deflaking is typically employed prior to
stock feeding to break flakes and remaining fiber bundles into separate
wet and flexible fibers. During this process, the fibers are also externally
fibrillated which promotes tighter binding between adjacent fibers [80].

Effective manipulation of the aqueous pulp fiber suspension is critical
in papermaking and consequently, its flow behavior is among the most
researched aspects of papermaking. The rheology of pulp fiber suspensions
has been extensively reviewed by Derakhshandeh et al. [81]. Aqueous
pulp suspensions exhibit non-Newtonian behavior. They are shear thin-
ning and thixotropic. While increasing the water content of the feedstock
helps to develop the evenness of the slurry it also means that increased
dewatering and drying are necessary. Dewatering using methods involving
suction or compression are less energy-intensive but given that the water
content is typically up to 50 % after the press section evaporative drying is
required [82]. Drying is the most energy-intensive part of papermaking,
and therefore adequate management of the water content in the slurry
is of high importance in papermaking [82]. This particular engineering
challenge is present in essentially all aqueous phase forming of cellulose
fiber constructs that need to be dried.

Another aspect regarding the flow of the fiber suspension is directionality.
The directional flows in the forming section of a paper machine impose
hydrodynamic shear on the fibers resulting in a preferential orientation of
the principal axes of the fibers in the direction of manufacture. The fiber
orientation can also be promoted by increasing the jet-to-wire ratio. If the
wet slurry is accelerated when it comes in contact with the wire, the fibers
align in the machine direction (MD) [83]. Porosity gradients can be induced
during the wet forming as the greatest anisotropy is associated with the
regions of the highest shear [84]. Fiber orientation alone, however, does
not guarantee a high mechanical strength. Additional important factors
include, for example, drying restraint. If restrained, the fiber network will
have a higher modulus of elasticity, higher tensile strength, and better
dimensional stability compared to an unrestrained one [85].

To summarize, the main factors influencing paper strength and quality
are fiber strength and length, strength and degree of interfibrillar bonding,
sheet formation parameters and distribution-residual stresses [85]. Pro-
cess conditions favoring one or more of these factors are likely to improve
the mechanical properties of the resulting fiber network. Therefore, these
factors are valuable guidelines in designing novel forming processes such
as the ones reported in Publication I and Publication III.
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2.4 Spinning

Spinning refers to the entire sequence of operations that convert raw
material into filaments or yarns. The term "fiber spinning" or "polymer
spinning" is typically used for processes, where filament or fiber formation
occurs due to phase change, desolvation or solvent exchange of a spinning
dope. The term "yarn spinning" refers to processes where staple fibers
are entangled together to form yarn. In the production of textile fabrics
from synthetic or regenerated fibers, both types of spinning are often
necessary, first to form fibers or filament from a melt or solution, and
second to combine multiple fibers or strands into yarn [86]. In the context
of this dissertation, the term spinning refers to the process of converting a
suspension or solution into fiber yarn or filament.

The spinning of polymer precursors into fibers is conceptually simple, in-
volving little more than the extrusion through fine holes and solidification
of the resulting incipient strands of filament. Depending on the state of
the precursor which can be molten or dissolved, the spinning technique
is referred to as melt or solution spinning respectively. Solution spinning
can be further divided into dry or wet spinning. In dry spinning, the so-
lidification of the spinning dope occurs through evaporation and in wet
spinning it occurs in a spinning bath containing a liquid antisolvent (also
referred to as nonsolvent) [86]. Different solidification mechanisms in wet
spinning include precipitation, solvent exchange or removal of a dispersant
[87, 86]. Both wet and dry spinning can be divided into further subcate-
gories. Electrospinning, which is based on using an electric force to draw
polymer solutions or melts into fine threads, is similar to dry spinning but
it is usually classified as a separate technique [88]. An overview of the
main types of spinning techniques is depicted in Figure 2.3.

From a process domain perspective melt spinning is more attractive
compared to solution spinning techniques because the main input to the
process is energy in the form of heat. By definition, wet spinning requires
at least two liquids, the dope and the antisolvent. Because of the higher
viscosity of the dope compared to the antisolvent, the filament surface is
subjected to shearing stresses. These stresses may become substantial in
long spinning baths and result in filament breakage which causes disconti-
nuities in spinning. Consequently, the wet spinning lines typically operate
at one tenth of the spinning rate of melt spinning lines [89]. Furthermore,
the removal and recycling of the antisolvent along with other chemicals
introduces additional unit processes involving chemical processing and
effluent management. These factors translate into higher costs, which
explains the dominance of melt-spun filaments on the global fiber mar-
ket. Given the lack of thermoformability of cellulose, wet spinning and
variations of the technique are commonly necessary to spin cellulosic raw
materials.
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Figure 2.3. Schematic illustrations of spinning techniques, adapted from [87] and [70]
a) Wet spinning, b) Melt spinning, c) Dry-jet wet spinning, d) Dry spinning

Man-made cellulosic fibers also known as regenerated fibers are sol-
vent spun from spinning dopes produced through derivatizing or non-
derivatizing dissolution. Regenerated cellulose fibers such as viscose have
been prominent on the global market since the 1930s [90]. The spinning
processes studied in Publication I and Publication II are not based on cel-
lulose solutions and consequently differ in terms of process conditions and
parameters. However, given the chemical similarity of the resulting struc-
tures, the spinning processes for regenerated cellulose fibers serve as a
reference system for discussion. Similarly to papermaking, the spinning of
regenerated fibers is characterized by a great number of unit processes and
studying these processes is crucial to increase the technological maturity
of non-dissolved wet spun cellulose filaments.

The filament-forming ability of a particular polymer dope is commonly
referred to as spinnability. To assess the spinnability of a dope, several
factors need to be considered, such as flow behavior, rheology, crystal-
lization, phase transition, solvent/solvent system behavior, and structure
development. The spinnability of various cellulose solutions and cellulose
derivatives has been exhaustively studied in the scientific literature for
over 100 years. Spinning dope characterization is an extensive field of
science of its own adopting even its own units of measurement such as ball
fall seconds for rheological characterization of viscose dopes [91].

The first step in the spinning regenerated fibers is extrusion through
a forming die commonly referred to as the spinneret. The dope needs
to be carefully dissolved and filtered before being extruded. Depending
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on the utilized dissolution process, these stages may require specialized
machinery, such as Filmtruders in the Lyocell process [92]. The spinneret
may contain a single or multiple orifices of various sizes. Different shapes
of orifices may also be employed for different geometries of filament [65].
For example, viscose fibers can be produced with trilobal shapes which
improve their water adsorption [93].

The spinneret may be submerged in the spinning bath or placed on top
of the surface of the spinning bath. A common spinneret configuration in
wet spinning is placing the spinneret close to the bottom of the spinning
bath using a Goose-neck style pipe (as illustrated in Figure 2.3a). The
temperature and immersion depth affect the extent of regeneration [94].
Alternatively, if the flow behavior of the dope permits the spinneret can be
placed on top of the spinning bath. Such a configuration is called air-gap
spinning or dry-jet wet spinning. Commercial fibers such as Lyocell and
Kevlar are spun through air gaps. The polymer chains orient effectively in
the air gap along the axis of the dope stream prior to desolvation. Conse-
quently, compared to viscose filaments, Lyocell filaments often exhibit a
higher degree of orientation and thus superior mechanical properties [95].

The spinning bath may contain acids, bases or solvents depending on the
spinning system. For example, mild sulfuric acid in the case of viscose [65]
or water in the case of Lyocell [96]. Depending on the spinning system,
additives may be used in the spinning bath to influence the solidification
of the fiber. Retarding the rate of regeneration helps to achieve improved
fiber tensile properties because it allows the additional orientating stretch
to be applied [65].

To achieve sufficient tensile properties especially for textile end-uses, the
fibers are stretched during or immediately after extrusion. The stretching
can be applied in a single or multiple stages. Unlike melt-spun fibers, post-
stretching by heating is not possible with regenerated cellulosic filaments.
In the case of viscose, commonly two stages of stretch are applied: pin
stretching immediately after the spin bath, followed by one or more roll
stretching steps of the whole tow. The extent of drawing is quantified
with the draw ratio (DR) which is the ratio between the take-up velocity
and extrusion velocity. Increasing the draw ratio results in both axial
alignment and reduced linear density [65]. Typically, tension-controlled
winders are utilized to avoid filament breaching [97]. After winding, the
fibers need to be washed. For example, in the viscose process, the fibers
are contaminated principally with various sulfur compounds. Thorough
washing is necessary to remove these contaminants [65].

In an effort to find new ways of producing filaments with reduced envi-
ronmental impact and reduced process complexity, scientists have explored
the spinning of native tensile components of wood. Native cellulose of
both fibrillar and sub-fibrillar scale has been demonstrated as possible
candidates for spinning feedstock.
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Softwood pulp fibers could, in theory, produce yarn with similar proper-
ties to textile-grade natural fibers. Individual spruce kraft fibers free from
damage and natural imperfections can have strengths as high as 1600
MPa [98]. In practice, these values are lower and exhibit a wide variation.
For example, the modulus of elasticity and the ultimate tensile stress of
loblolly pine latewood fibers have been measured to range from 6.55 to
27.5 GPa and 410 to 1422 MPa, respectively [99]. On one hand, the ability
to spin pulp fibers directly into yarn is attractive as it could drastically
reduce the chemical processing requirements in producing yarns out of
wood fibers. On the other hand, forming such bulky fibers into yarn with
sufficient properties requires drastic re-engineering of both the spinning
dope production and the spinning process.

The softwood pulp fiber yarn spinning process investigated Publication
I is not based on a solution but rather a fibrillar gel-like suspension.
The technique was first demonstrated by Tenhunen et al. [12]. Instead of
regeneration, the solidification is based on the removal of the DES. Because
of the differences regarding flow behavior and solidification the DES-
softwood-pulp spinning dope, the method is not directly compatible with
existing wet spinning processes or machinery. Enzymatically fibrillated
pulp has also been used in spinning reported by Spoljaric et al. [100].
This spinning approach utilized polyvinyl alcohol with glutaraldehyde to
solidify the filament through direct crosslinking of the cellulose fibers.

The highest tensile properties of cellulosic filaments produced without
dissolution have been based on wet spinning of CNF. The first demon-
strations of CNF spinning were performed by Iwamoto et al. [101] and
Walther et al. [102]. Since then, the process has received a substantial
amount of scientific interest. Spinning CNF filaments is attractive since
filaments with high tensile strength and modulus can be produced via
solvent exchange with lesser environmental impact. Naturally, minimizing
environmental impact is predicated on the energy and resource-efficient
production of high-quality CNF. Dry spinning of CNF has been demon-
strated by Shen et al. [103] and Hooshmand et al. [104] but in the context
of this dissertation, the focus is on the wet spinning of CNF.

In the wet spinning of CNF, filament formation is based on coagulation
via a solvent exchange of the liquid phase which is typically water. There
are several options for the coagulant including acetone, ethanol or a cal-
cium chloride solution. Requirements for the coagulant include miscibility
with water and a moderate polarity and hydrogen bonding ability [102].
The coagulation of CNF is slower compared to the precipitation of a poly-
mer solution or phase change in melt spinning. For example, cellulose
solution typically solidify in a fraction of seconds [94] whereas coagulation
rates of CNF range from tens of seconds to several minutes [105]. During
this filament formation stage, the incipient filaments are prone to breaking
and require delicate handling.
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The spinning of CNF was extensively reviewed by Lundahl et al. [105].
They listed six conditions for optimal spinning of CNF, which are

• high CNF aspect ratio,

• low solids content,

• high shear rate,

• drawing induced orientation,

• capitalization on the beneficial effects of coagulation and

• selection of suitable additives based on application.

The CNF hydrogel properties need to meet certain requirements to be
usable in spinning. Firstly, the hydrogel needs to have a rheological behav-
ior that favors wet spinning. Adjusting to a sufficient viscosity typically
means reducing the solids content to approximately 1 to 2 wt%. Secondly,
the aspect ratio of CNF needs to be sufficiently high for interfibrillar in-
teraction to occur. Higher aspect ratio CNF has a higher entanglement
capacity compared to lower aspect ratio CNF. High aspect ratio fibers are
typically more difficult to produce, but they exhibit higher spinnability.
For example, high aspect ratio and slenderness TEMPO-oxidised bacterial
CNF was spun into filaments continuously using a simple laboratory-scale
wet spinning approach [106]. Tuning the composition of the CNF hydrogel
to optimize coagulation rate and entanglement is the first crucial step in
CNF wet spinning [105].

As with most other spinning and fiber-forming processes, filament prop-
erties can be improved by inducing orientation in the filament formation
phase. The orientation of CNF filaments can be influenced using hy-
drodynamic alignment [107, 108, 109, 11], stretching [110, 111, 106], or
increasing the capillary length [112]. To date, the highest specific strength
and stiffness of wet spun filaments have been produced using flow focusing
[11]. Flow focusing involves using sheath flows of coagulant in a hydro-
dynamic channel that imposes an orientating shear on the fibrils. The
process conditions need to be designed so that the CNF has adequate time
to react to an extensional flow and also adequate time for the orientation
to set in. A high orientation immediately after the spinneret may be lost
unless sufficient solvent exchange is attained to reduce the mobility of the
individual fibrils

Several approaches have been suggested to improve the spinnability
and drawability of CNF filaments. For example, Toivonen et al. [113]
demonstrated the use of an interfacial polyelectrolyte to form continuous
CNF filaments. Another method to approach the slow coagulation rate is
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to use an external shell around the CNF to support the incipient filament
during spinning. This type of spinning is referred to as coaxial spinning
and such a spinning process was explored in Publication II. In a coaxial
spinning method, the filament is formed by two coaxial flows with the
inner one referred to as the core flow and the external one as the sheath or
shell flow. Coaxial spinning is most commonly employed in electrospinning
to produce hollow or bicomponent micro- or nanofibers [88].

2.5 Additive manufacturing

Additive manufacturing refers to a manufacturing process where 3D ob-
jects are produced directly from digital 3D models by adding material
[114, 115]. This addition is typically performed in a layerwise manner,
where the original model is sliced into several two-dimensional layers
[116, 117]. The successive layers are deposited on top of each other akin
to depositing ink on a paper and consequently additive manufacturing is
colloquially referred to as 3D printing.

Additive manufacturing has received significant scientific interest in
the context of cellulose-based materials [118, 119]. Similarly to spinning,
additive manufacturing techniques used with cellulose-based materials are
predominantly based on extrusion followed by solidification. Consequently,
a number of relevant process-domain factors of spinning overlap with those
of additive manufacturing. Compared to the spinning of cellulose-based
materials, additive manufacturing of them is still in the early stages of
development.

There are several categories of additive manufacturing, and they are
distinguished in the ISO/ASTM 52921:2013 [120] standard. The catego-
rization is based on the ways of how the layers are deposited, adhered and
solidified. The focus of this dissertation is on extrusion-based techniques.

In material extrusion (ME) based AM, the printing material is selectively
dispensed through a nozzle or orifice. The material is fed into a nozzle
which is mounted on a Cartesian motion system that actuates the print
head. The most prevalent ME based AM technique is fused deposition
modeling (FDM™) originally developed by Stratasys [121]. Currently,
most entry-level 3D printers operate using the FDM principle, where the
printing material is fed to a heated nozzle in filament form using fine
pitch hobbed gears. Most established ME techniques are based on melting
followed by a phase transition of a liquid to a solid.

While petrochemical materials such as acrylonitrile butadiene styrene
(ABS) are widely used in ME, bio-based materials such as polylactic acid
(PLA) are becoming increasingly important in filament-based 3D printing
[122]. PLA is an aliphatic polyester that can be produced out of starch by
enzymatic hydrolysis followed by fermentation into lactic acid [123]. PLA
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is attractive because of its low glass transition temperature coupled with a
sharp solid-to-viscous fluid transition and sufficient rigidity in a solid state
[124]. Furthermore, PLA is biodegradable even though the degradation is
slow due to the scarcity of PLA-degraders in most natural environments
[74, 125]. The production of a thermoformable ME compatible cellulose
derivative based material has also been demonstrated [126].

The processability advantages achieved by using PLA have incentivized
research into biocomposites with cellulose as the reinforcement material
[127]. Melt-processable and 3D printable biocomposite formulations us-
ing various natural fibers as well as nanocelluloses have been proposed.
While simple formulations based on the addition of wood particles have
resulted in modest increases in tensile strength of approximately 4 % [128],
techniques using simultaneous impregnation of flax yarn have yielded
an approximately tenfold increase in strength and stiffness of PLA-flax
biocomposites compared to biocomposites using discontinuous fibers [129].
The optimization of cellulose-PLA biocomposites typically involves the
topochemical modification of cellulose to improve its interfacial affinity to
the PLA matrix [130].

For native cellulose materials, however, melt-processing is not an option
(as discussed in section 2.2). One of the most commonly utilized techniques
for non-thermoformable materials is direct ink writing (DIW), also known
as direct paste writing, paste extrusion, or robocasting. DIW is classified
as an ME technique, but instead of a phase transition, it relies on the yield
stress of the dispensed liquid to retain the intended shape. It has been
employed with numerous materials including ceramics [131], concentrated
colloidal gels [132, 133] and viscous polymer solutions [134].

While DIW is a versatile printing technique and widens the spectrum
of printable materials, it has some inherent limitations. The rheological
properties of the inks need to be tuned so that the apparent viscosity,
yield stress under shear as well as compression and viscoelastic properties
meet the requirements of printing [135]. Self-supporting inks need to
have a sufficiently high yield stress and fast recovery kinematics not to
collapse as further layers are deposited on them during printing. Other
limitations of DIW include the decreased ability to print overhanging
geometries limitations. In general, the geometries need to be designed
so that they are self-supporting. This limitation can be addressed using,
for example, hybrid methods that incorporate ultraviolet (UV) light cross-
linkable polymers to the material for in situ photocuring [136] or support
baths [137, 138, 139].

A core component of the DIW printer is the pump that doses the extru-
date synchronously to the Cartesian motion. Progressive cavity pumps,
feed screw pumps, and syringe pumps are among the most common pump
types utilized in DIW [131]. The flow rate can be controlled by adjust-
ing the pump speed directly or using microvalves [140]. Controlled and
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repeatable dosing is crucial for producing accurate 3D constructs with
DIW. A substantial amount of trial and error may be necessary to discover
functional parameters for a given extrudate with the desired printing
resolution. The extruder design developed and validated in Publication
IV enables in situ monitoring of extrusion pressure, and thus reduces the
time necessary for extrusion parameter tuning.

In the context of cellulose, DIW has been utilized with nanocelluloses
[141, 142, 143, 144, 145], cellulose solutions [146] as well as derivatives
[147, 148, 149]. Inks consisting of various nanocelluloses have been ac-
tively researched in the context of bioprinting [150]. The low cytotoxicity
and fibrillar structure of cellulose are of high value in biofabrication of
e.g., tissue scaffolds and wound dressings. Furthermore, sufficiently thick
shear-thinning gels can be formed with low solids contents, which enables
printing of high water content freestanding constructs [151, 152]. This
high water content is advantageous in bioprinting of scaffold structures as
it increases nutrient and waste diffusion thus enhancing cell proliferation
[153].

Contrastively, the high water content is problematic in the manufacturing
of dry constructs. Expectedly, high water content constructs undergo sub-
stantial deformation with atmospheric evaporative drying. Freeze-drying
is the common sample preparation technique to avoid such deformation
but it compromises the mechanical properties of the ensuing constructs.
Håkansson et al.[154] compared different drying methods for cellulose
nanofiber (CNF) constructs. They observed that while freeze-drying pre-
serves the geometry it results in a 97% reduction in ultimate tensile
strength and a 99% reduction in stiffness compared to air-dried samples.

In Publication III, the suitability of a nanocellulose produced with a novel
enzyme assisted high consistency enzymatic fibrillation method (HefCel)
[59, 60] for additive manufacturing was evaluated. The high consistency
achievable with EFCNF pastes enables studying the influence of solids
content, drying behavior and characteristics of air-dried constructs. The
efficacy of using a high initial solids content and controlled air drying
conditions to retain design intent without sacrificing mechanical properties
was researched in Publication III.
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3. Experimental

This chapter describes the materials and methods regarding the experi-
mental work of this dissertation. It introduces the important raw materials,
how they were produced and how the structures were formed from them.
Given that the developed methods are the core subject of this dissertation
they are described in detail.

3.1 Materials

3.1.1 Preparation of softwood pulp-DES spinning dope

The spinning dope used in Publication I was prepared according to Ten-
hunen et al. [12]. It consists of three constituents, softwood pulp, DES and
polyacrylic acid (PAA). The softwood pulp was supplied by a mill in central
Finland. PAA (Mv 450 000 mol/g), choline chloride (ChCl) and urea as
well as the ethanol used in the spinning bath (>99.5%, Etax AA, Altia)
were purchased from Sigma-Aldrich. All chemicals and solvents were of
analytical grade and used as received.

The never-dried, bleached softwood pulp properties were controlled
through ion-exchange to Na+ form according to Swerin et al. [155] and
Lahtinen et al. [156]. Water was removed from the pulp by washing
it multiple times with excess acetone. The DES was produced by mix-
ing ChCl and urea in a molar ratio of 1:2. The resulting mixture was
formed into a clear homogeneous liquid through heated (100°C) stirring
and subsequently dried in vacuum overnight at 40°C.

The spinning dope was prepared by dispersing the pulp in the ChCl/urea
mixture at 100°C under constant stirring overnight. After cooling to room
temperature, 10 wt% of PAA was added and mixed with a SpeedMixer
(FlackTek Inc.) in a vacuum at 800 rpm for 2 min and at 1500 rpm for
8 min according to Tenhunen et al. [12]. The purpose of the PAA is to
improve the water stability of the fiber yarn.

23



Experimental

3.1.2 Materials for coaxial wet spinning

Three constituents were used to form filaments in coaxial spinning, CNF
and CA and GG. The CNF was produced from never-dried, bleached birch
kraft fibers supplied by Metsä Fibre (Äänekoski, Finland). Before use, the
cellulose fibers were refined with Voith LR 40 laboratory refiner according
to Lundahl et al. [157]. The refined fiber suspension was diluted to a solids
content of 2 wt% with deionized water prior to fluidization in an M110P
fluidizer (Microfluidics Corp.) equipped with 200 and 100 ml chambers
operating at a 2000 bar pressure. The dispersion was passed through the
fluidizer a total of six times.

Two shell materials were used, CA (Sigma-Aldrich, degree of substitution
2.5, average Mn 30000) and GG (Sigma-Aldrich). The CA was used as a 15
wt % solution in acetone. GG was dispersed in deionized water and stirred
at high speed for 10 to 20 min until the dispersion foamed and warmed up
to approximately 40 °C. The introduced bubbles were removed by mixing
in vacuum for 10 min and the ensuing mixture was used immediately after.
Ethanol (>94%, Etax A, Altia) and acetone (Sigma-Aldrich) were used as
coagulating solvents in the spinning bath. All chemicals and solvents were
of analytical grade and used as received.

3.1.3 Enzymatically fibrillated cellulose nanofibrils

EFCNF used in the 3D printing tests in Publication III was prepared from
never-dried bleached softwood pulp from a Finnish mill (Metsä Fibre Oy,
Äänekoski, Finland) The high-consistency aqueous suspension of fibril-
lated nanocellulose was prepared according to Hiltunen et al. [59]. The
enzymatic treatment was carried out at 25 wt% for 6 h at 70°C, pH 5 using
a two-shaft sigma mixer (Jaygo Inc.) rotating at 25 rpm. After the treat-
ment, the enzyme was inactivated by increasing the temperature to 90°C
for 30 min. The resulting fibrillated material was diluted with deionized
water, filtered, and washed thoroughly with deionized water. Finally, the
fibrillated material was dewatered to the target solids content (15.5, 20
and 25 wt%) by filtration. The material was stored at 4°C until use.

The dry consistency for each suspension was determined by complete
drying followed by weighing with a precision scale. The solids content
was determined by the difference in weight as received and after drying
at 105°C overnight (16 h) [158]. The solids content was calculated using
equation 3.1,

Cm = md

md +mw
·100% (3.1)

where Cm is solids content, md is the mass of dry materials and mw is the
mass of water.
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a)

b)

Figure 3.1. a) Schematic illustration of the channel spinning
b) Photograph of channel spinning line prototype

3.2 Methods

3.2.1 Channel spinning

In Publication I, a spinning dope produced from softwood pulp fibers
treated with DES was used to spin pulp fiber yarns. The spinning dope
composition was based on previous work by Tenhunen et al. [12]. DES
serves as a non-aqueous medium that keeps the wood fibers separate
during extrusion. The extruded structure can be solidified by removing
the DES with a suitable solvent, such as ethanol. The critical requirement
of the developed spinning approach was the capability to transport and
possibly stretch the incipient fiber yarn without sacrificing continuity in
the yarn forming phase.

Instead of extruding the DES spinning dope directly into a stationary
spinning bath, the DES dope was extruded onto an angled channel through
an air gap as shown in Figure 3.1. The stream of ethanol functions as a
type of conveyor in the spinning process. Its secondary functions include
inducing a moderate draw on the incipient yarn and expedition of the
removal of DES to promote faster solidification. The angle of inclined
channel and flow rate of ethanol in it were adjusted to control the external
force applied to the incipient yarn. A small air gap was also used between
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Table 3.1. Parameters used in testing

Parameter name Value Unit
Spinneret diameter 0.41 0.64 0.84 mm

Flow rate of dope 0.8 1.9 3.3 mL min-1

Flow rate of ethanol 200 400 mL min-1

Angle of channel 5 7 deg

the spinneret and channel to further promote orientation. A schematic
illustration of the channel spinning line is shown in Figure 3.1a and a
photograph of the constructed prototype is shown in Figure 3.1b.

The influence of syringe tip diameter, flow of dope, flow of ethanol in
the channel and angle of the channel were studied experimentally. All
tests were run with a spinning rate (flow velocity of dope at the syringe tip
outlet) of 0.1 m s-1. The volumetric flow rate for each syringe diameter was
set according to this spinning rate. Tapered dispensing tips with diameters
0.41 mm (22 gauge), 0.63 mm (20 gauge), and 0.84 mm (18 gauge) were
used.

Fiber yarn was spun both with and without the inclined channel. All
three diameters were used without the channel to research the influence
of the syringe tip diameter separately. Preliminary channel spinning tests
were conducted with all syringe tip diameters. The smallest tip resulting in
stable spinning (0.63 mm) was used in quantitative testing of the influence
of different channel configurations on fiber yarn properties. Two ethanol
flow rates (200 and 400 ml min-1) and two angles (5° and 7°) were tested
resulting in 4 different channel configurations. The tested parameters are
summarized in Table 3.1.

After spinning, all yarn samples were placed in a fresh bath of ethanol
for a minimum of 3 h to remove the remaining DES. After the second bath,
the yarns were air-dried in a fume hood for a minimum of 24 h. Finally,
the yarns were disentangled manually. The resulting fiber yarns were
cross-linked with heat activatable PAA in an oven at 140 °C for 30 min
according to Tenhunen et al.[12]. Additional twisting and washing was
performed on fiber yarns produced with a 0.63 mm syringe, 7° channel
angle and 400 ml min-1 ethanol flow rate. Three different posttreatments
were studied, washing, dry twisting, and wet twisting. All posttreatments
were performed before cross-linking.
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Figure 3.2. a) Photograph of coaxial spinning line (Photograph by Eeva Suorlahti)
b) Coaxial spinning line configuration used with the CA shell
c) Coaxial spinning line configuration used with the GG shell

3.2.2 Coaxial wet spinning

Nanocellulose filaments were produced via a coaxial spinning method. A
coaxial straight needle (diameter 0.7-1.3 mm, length 4.7-10.6 cm) pur-
chased from SKE was connected to two inlets. The other inlet was con-
nected to a syringe pump with the core material (CNF) and the other
was connected to a syringe pump with the shell material (CA or GG). The
needle was mounted at the end of a spinning bath (length 1 m) filled with
acetone or ethanol.

The coaxial spinning of CNF was performed using two different shell
materials, cellulose acetate dissolved acetone and guar gum dispersed
in deionized water. Filaments were spun into baths containing acetone
or ethanol. Additionally, the CA shell filaments were spun into water to
produce highly absorbent filaments.

Two different spinning line configurations were developed in Publication
II. The first configuration was based on a direct winding from the coag-
ulation. A photograph of this configuration is shown in Figure 3.2a and
a schematic illustration as well as the internal structure of the coaxial
spinneret is shown in Figure 3.2b. The second configuration featured a con-
veyor belt mechanism to support the incipient filament as it is transported
to the winder. A schematic illustration of this configuration is shown in
Figure 3.2c.
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Figure 3.3. Open source extruder prototype introduced in Publication IV (Photograph by
Santtu Teerihalme)

3.2.3 Direct ink writing

A purpose-built modular 3D printing prototype was used to produce the
3D constructs analyzed in Publication III. The prototype is based on two
subsystems; the printer frame and the extruder. A tabletop computer
numerical control system (Stepcraft) was used as the frame performing
the Cartesian motion. The purpose-built extruder was a syringe pump
type extruder and utilized disposable 10 ml syringes with luer lock ta-
pered syringe tips. The linear actuation of the extruder was based on
a linear stepper motor (OMC Stepperonline) and a miniature load cell
(S2TECH) was used to measure the force applied to the extrudate. The lin-
ear movement of the syringe piston mount was measured with a magnetic
linear encoder (Renishaw). Measurements and control of the extruder
was performed with a National Instruments data acquisition device. An
open-source version based on the same functional principle was developed
in Publication IV. This version is shown in Figure 3.3.

All printing trials were conducted at 25°C and 50 % relative humidity
and all structures were printed on a fine wire mesh. The printed structures
were dried in a controlled temperature and humidity chamber (Memmert).
The samples were kept in the chamber for a minimum of 5 h and after the
initial drying, samples were left to fully dry at 25°C and 50 % RH for a
minimum of 30 h. The evaporation rate during the initial drying of the
samples was measured by weighing them approximately once an hour with
a precision scale (Mettler). After the initial drying samples were weighed
approximately once every 10 h until the mass no longer changed. A non-
linear least-squares analysis was used to fit an exponential decay form
model to the measurement data and the drying time is interpolated from
the resulting function. This model is commonly used in thin layer drying
characterization of porous solids [159]. In this research, the threshold for a
dry state was set at the point where the mass of the construct corresponds
with a structure with less than 5 % residual moisture.
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3.2.4 Sample characterization methods

Tensile testing and orientation
An Instron 5944 single column, tabletop universal testing system operating
in tensile mode was utilized to analyze the tensile properties of the yarns
produced in Publication I. The span length was 20 mm and the extension
rate 1 mm min-1. Specimens were analyzed in three conditions: dry, wet,
and after prolonged immersion in water.

In the textile industry specific strength is typically expressed as a func-
tion of linear density. The unit for specific strength using linear density
is Newtons per tex (N/tex). The tenacities were calculated according to
equation 3.2.

Tenacity= load at break
linear density

= load at break
mass

unit length
(3.2)

The linear densities of pulp fiber yarn samples were measured by first
measuring 1 m lengths of yarn and weighing the lengths with a precision
scale (Mettler). Tenacities (cN tex-1), linear densities (tex), and elongation
at break (%) of selected wet and dry twisted specimens were also measured
in a dry state using Vibroskop and Vibrodyn 400 fiber testers (Lenzing
Instruments) using a pretension weight of 7 g.

The orientation coaxial filament samples produced in Publication II was
determined using wide angle X-ray scattering (WAXS). Analysis of the
diffraction pattern yields the orientation of the cellulose crystallites which
indicates the alignment of the full cellulose fibrils. Diffraction patterns of
were captured with a PANalytical Empyrean multipurpose diffractometer
(Almelo). Tensile tests were performed on coaxial filaments with an Instron
universal testing instrument (model 33R4204) with a span length of 10
mm and an extension rate of 2 mm min-1.

Tensile testing was also performed on the AM constructs produced in
Publication III using an Instron 4204 Universal Testing System equipped
with a 1 kN load cell at an extension rate of 1 mm min-1. The mass of each
tensile testing specimen was measured with a precision scale (Mettler)
prior to tensile testing. The dimensions of the utilized tensile testing
specimens were measured using a digital caliper (Mitutoyo). The densities
and cross-sectional area under load of the tensile testing pieces were
calculated using these values.

All the reported tensile testing values refer to engineering stress and
strain instead of the true stress and strain in the material. This means
calculation of the values is based on the cross-sectional area and length in
the beginning of the experiment, i.e., under no load. Therefore, the values
do not take into account the change cross-sectional area under strain. The
Young’s moduli were calculated from the initial slope of the stress-strain
curve. All samples were kept at 25°C and 50 % relative humidity for a
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minimum of 24 h prior to testing. The presented results are the average
of ten (Publication I) or five (Publication II & Publication III) parallel
measurements.

Scanning electron microscopy
Scanning electron microscopy (SEM) was used to study the fiber yarns
(Publication I) and coaxial filaments (Publication II). The morphology and
structure of the fiber yarns were imaged with Zeiss Merlin FE scanning
electron microscope (Carl Zeiss NTS GmbH). The approximate dimensions
of the pulp fiber yarns were measured from the SEM images using ImageJ
[160]. The cross-sections of coaxial filament were imaged with a Zeiss
Sigma VP scanning electron microscope (Carl Zeiss Microscopy Ltd). All
SEM imaged samples were sputter-coated with gold (Publication I) or
gold-palladium (Publication II).

X-ray microtomography (XµCT)
X-ray microtomography (XµCT) was used to image 3D printed samples
in Publication III. The imaging is based on X-ray attenuation maps also
referred to as shadowgrams. Shadowgrams can be obtained from multiple
positions around the sample, and by using an inverse Radon transform
the original 3D structure of the sample can be calculated [161]. The
X-rays are sensitive to the density of the material making it possible
to map the internal structure of the imaged object. The obtained 3D
digitalized structures can be computationally analyzed in various ways
which include formation, density, shape, orientation, thickness, and pore
size distribution[162].

3D scanning and shape analysis
In previous research, the deformation and shape analysis regarding AM
cellulose constructs has been assessed with manual measurement tools
[152, 163] or qualitative visual inspection [154]. Li et al.[164] utilized a
two-dimensional (2D) image analysis technique performed on 1 cm3 cubes
for print quality evaluation. While these techniques provide estimates on
the shape and dimensions of specimens, they do not adequately capture
the three-dimensional nature of AM constructs.

3D scanning was used for the quantitative shape analysis of the EFCNF
constructs in Publication III. The utilized scanner (EinScan SP) functions
by projecting light patterns on the scanned object, which distort according
to the surface of the object. These distortions are captured with a 2D
imaging sensor, and the 3D surface information of the scanned object
can be extracted from the 2D images by using various structured-light
principles and algorithms [165].

The manufacturer (SHINING 3D) reports a resolution of 0.17 mm - 0.2
mm and a single-shot accuracy of ±0.05mm for the utilized 3D scanner.
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a) b) c) d)

Figure 3.4. Point cloud analysis process. a) Point cloud b) Detected planes
c) Fitted shape primitive d) Error between fitted primitive and point cloud

These values refer to the resolution and accuracy obtained by a singular
scan of an object. To reduce the noise in the point cloud data, each scan was
performed multiple times from different angles. The printed constructs
studied were scanned a total of 36 times (3 orientations, 12 angles of
the rotating table). The resulting point clouds had a mean surface point
density of approximately 500 points per mm2. An example point cloud is
shown in Figure 3.4a.

During evaporative drying, the printed constructs deform substantially.
Consequently, unlike conventional point cloud based shape analysis, the
original 3D model data was not used to evaluate shape accuracy. Instead,
the principal dimensions and extent of deformation of the printed con-
structs were established using an alternative point cloud analysis. The
point cloud analysis consists of three phases: plane fitting, registering
and mesh to cloud comparison. Firstly, the random sample consensus
(RANSAC) shape detection algorithm [166] was used on the point cloud
to fit planes on each face of the scanned object as shown in Figure 3.4b.
The principal dimensions of the constructs (X, Y, and Z) were calculated
from the mean distances between two opposing planes. These dimensions
were used to construct a geometrical primitive which was fitted on top
of the original point cloud using manual registration followed by a fine
registration using an iterative closest point (ICP) algorithm [167] as shown
in Figure 3.4c.

The shape accuracy of the printed construct was evaluated by measuring
the distance between the original point cloud and the registered primitive.
The computed difference was visualized with a false-color image as shown
in Figure 3.4d. The analysis was performed using CloudCompare [168].
The volumes were computed from the models using the divergence theorem
[169].

EFCNF was printed at three different consistencies (15.5 wt%, 20 wt%
and 25 wt%) and the first phase of the drying was performed in three
different air drying conditions (T:25 °C, RH: 50%, T:50 °C, RH:50% and
T:85 °C, RH:25%). 3 parallel prints from each printing parameter set were
performed resulting in a total of 27 cube specimens used in the shape
analysis.
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3.2.5 Characterization of extruder

The performance of the developed open-source extruder was validated and
characterized experimentally in a purpose-built test bench. The test bench
had sensors for syringe pressure (SMC PSE560) and movement of the
linear stepper motor (Sylvac µS229). Additionally, the extruded mass was
measured with a precision scale (Mettler Toledo PG1000-3). A Raspberry
Pi model 3B+ single-board-computer was used to acquire the data from
the sensors via a serial and inter-integrated circuit (I2C) bus. All dosing
and printing tests were performed using ISO 7886-2:1996 standard 10 ml
syringes (Henke-Sass, Wolf GmbH, Germany). A schematic illustration
of the testing equipment is shown in Figure 3.5a and a photograph of the
testing equipment is shown in Figure 3.5b.

Dial indicator 
(Sylvac, μS229)

Extruder
(in serial mode)

Scale 
(Mettler Toledo,

PG1003-S)

Pressure sensor
(SMC, PSE560-01)

Raspberry Pi
 (Model 3B+)

a)

16-bit ADC

(ADS1115)
Load cell

(DYMH-103)

b)

I²C

Power supply
(12 Vdc) 

Figure 3.5. a) Schematic illustration of the test bench, b) Photograph of the test bench.
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4. Results and discussion

This section highlights the most meaningful results of this thesis and it is
divided into three sections based on the manufacturing process. Firstly, the
channel spinning process for making pulp fiber yarn is discussed. Secondly,
the coaxial spinning method for wet spinning CNF filaments is discussed.
Finally, the additive manufacturing of EFCNF and extruder development
is discussed.

4.1 Channel spun pulp fiber yarns

A channel spinning approach for spinning a softwood pulp and DES mix-
ture was demonstrated and evaluated in Publication I. Unlike most es-
tablished wet spinning processes for cellulosic materials, the solidification
in this spinning approach is based on the removal of DES with ethanol.
The full removal of DES may take several minutes in a stationary bath
[12] and during this solidification, the incipient structure is delicate and
prone to breaking. The fiber yarn requires particularly careful handling
during the initial stages of solidification. As DES is removed, the fibers
interconnect and the yarn increases in strength thus becoming easier to
manipulate. In Publication I, the channel approach was demonstrated as
an adequately gentle initial transportation and stretching method. After
the channel and an approximately 1 meter long spinning bath, the yarn
was sufficiently strong to be processed further using rolls.

Three different spinneret diameters (0.41 mm, 0.63 mm and 0.84 mm)
were tested in Publication I. The smallest usable diameter with the cho-
sen spinning dope composition was 0.41 mm. Expectedly, decreasing the
syringe size resulted in a smaller yarn diameter and linear density. Addi-
tionally, the fibers appeared more closely packed in the yarn samples spun
with the smaller diameter syringe as shown in Figure 4.1a. Their tenacity,
however, was lower than samples spun with a 0.63 mm diameter spinneret.
The inferior tenacity was attributed to a defective macrostructure of the
fiber yarn. The flow rate through the 0.41 mm diameter syringe was no-
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Figure 4.1. a) Fiber yarn, 0.41 mm spinneret and no channel
b) Fiber yarn , 0.63 mm spinneret in the channel, wet-twisting posttreatment
c) Tenacity and elongation at break for dry and wet fiber yarn spun without a
channel, with a channel and with a channel and wet twisting posttreatment

tably more unsteady compared to the two other tested syringe diameters,
conceivably due to the agglomeration tendency of the softwood pulp fibers.
Unsteady extrusion is likely to introduce defects to the macrostructure of
the yarn which have a detrimental effect on its load-bearing capability.

The channel spinning approach reduced the linear density by 22 to 29%
compared to samples spun with the same spinneret diameter without the
channel. Furthermore, the channel spun yarn samples also increased in
their load-bearing capability by up to 13.7%. This observation suggests
that the inclined channel induces draw on the incipient fiber yarn structure.
The estimation of the extent of this draw cannot be based solely on the
flow velocity of the ethanol stream as the incipient fiber yarn structure
is semi-buoyant. Rather than being carried with the flow, the fiber yarn
glided on the bottom of the channel. Further research would be necessary
to optimize the spinning conditions and develop models of the inclined
channel spinning for more accurate draw ratio control.

The highest tenacity was obtained by using a 0.63 mm syringe tip diame-
ter with the inclined channel (7° angle, 400 ml min-1 flow rate of ethanol)
and an added wet twisting post-treatment. The wet twisting was per-
formed before cross-linking the PAA and based on the SEM micrographs
(shown in Figure 4.1b) it appeared to decrease mean interfibrillar distance.
Reduction of interfibrillar distance is likely to enhance the cross-linking
and the increased fiber yarn tenacity both in a wet and dry state support
this conclusion.
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Measured with the Vibroskop and Vibrodyn 400 fiber testers, the wet
twisted fiber yarns had a mean linear density of 13.2 tex, tenacity of 7.5 cN
tex-1 and modulus of 357.8 cN tex-1. The positive influence of the channel
and wet twisting posttreatment on the tenacity and elongation of the fiber
yarn is illustrated in Figure 4.1c. However, the achieved tensile properties
were approximately half of commercial cotton (16.2 cN tex-1) and viscose
(15 cN tex-1) yarns [12].

In addition to the modest tenacity, the fiber yarn structure lacks many of
the features of conventional yarn structures such as slenderness. Due to
this dissimilarity, the softwood pulp fiber yarn produced in the spinning
trials of this work is not suitable for textile processing without further de-
velopment. The fiber yarn spun with larger diameter spinnerets exhibited
a porous structure with individual fiber protruding out from the structure.
On one hand, such a structure is unideal in terms of fiber bonding and
network strength. On the other hand, the porous fiber exhibits good water
absorption properties under tension while being able to resist compression.
The utility of these properties was demonstrated by Orelma et al., who
used the fiber yarn as a substrate material for capturing pharmaceutical
molecules from water [170].

4.2 Coaxial wet spinning of CNF

Unmodified CNF was wet-spun into a continuous filament by using a
coaxial spinning system in Publication II. Instead of spinning the CNF
directly, a supporting outer layer was used. The supporting outer layer
was a biopolymer solution that coagulated quickly and acted as a support
material during the spinning process.

The use of a supporting polymer shell addresses the coagulation rate
issue in CNF wet spinning. While it facilitates filament formation in the
bath, it influences the orientation of the CNF. The wet-spinning process is
expected to organize the fibrils contained in the filament with a preferred
orientation along the filament axis and the extent of uniaxial alignment
can be influenced by the spinning conditions [105]. In coaxial spinning,
the outer shell supports the structure but impedes the interaction of CNF
with the antisolvent, therefore, influencing the fibril alignment.

The mechanical properties of the coaxially spun filaments are shown
in Figure 4.2. Filaments spun with a GG shell into an acetone bath ex-
hibited the highest orientation and tensile properties (tensile strength
69.5±15.7 MPa, Young’s modulus 2.07±0.12 GPa, orientation index 0.55 ±
0.02). Compared to ethanol, acetone coagulates CNF faster thus locking
the alignment achieved through shear during extrusion. When the coagu-
lant was changed to ethanol, less orientation (orientation index 0.15) was
retained and thus the filament strength deteriorated.
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Figure 4.2. Mechanical properties of coaxially spun filaments

With an ethanol bath, the CA shell produced higher orientation (tensile
strength 29.9±7.5 MPa, Young’s modulus 0.91±0.09 GPa, orientation index
0.38). This can be explained by the fact that the acetone in the CA solution
interacts with the CNF, coagulating briefly before solvent exchange to
ethanol and thus retains alignment more efficiently. However, the ethanol-
coagulated GG/CNF exhibited higher tensile strength and Young’s modulus
compared to the more oriented ethanol-coagulated CNF/CA. This was
attributed to the inferior interfacial affinity of CA to CNF compared to GG
to CNF.

A highly absorbent filament structure was also demonstrated using
CNF/CA. By spinning the bicomponent filament into water the CA is
solidified on the exterior but the CNF remains dispersed in water within
the formed structure. This approach prevents densification of the filament
and results in bicomponent filaments that can absorb over 20 times their
own weight in water.

The scalability of filament production with the coaxial wet spinning
of CNF was estimated by determining the maximum spinning rate on
a laboratory scale. The spinning rate refers to the winding speed i.e.
surface speed of the collection drum. Without a shell, the spinning was
discontinuous due to frequent filament breaking. With a cellulose acetate
shell, filament could be spun as fast as 33 m min-1 with a draw ratio of up
to nine. These represent the fastest wet spinning rate and highest draw
ratio applied to CNF so far.

CNF/GG could be wet spun into acetone at a maximum rate of 1.2 m min-1.

36



Results and discussion

A minimum coagulation time of approximately 12 seconds was necessary
with the GG shell. In the context of the spinning line, this translates to
a minimum travel of 24 cm in the coagulant with the utilized spinning
rate. Similarly to other wet spun fibers, the travel cannot be excessively
long as the shear forces stress the filament which causes breakages. After
this coagulation time, the CNF/GG filament required a conveyor belt to
support it as it was moved to the winding roll.

The incipient CNF/GG filaments exhibited a low wet strength and con-
sequently could not be drawn during spinning. At the maximum rate of
1.2 m min-1 the corresponding flow profile speed of CNF was 8.1 m min-1

resulting in a draw ratio of 0.15. On one hand, uninterrupted spinning was
possible at this DR and rate. On the other hand, the lack of tension is less
likely to enhance the mechanical properties of the ensuing bicomponent
filaments.

The DR also influences the geometry of the yarn. In spinning, increasing
the DR typically results in decreased dimensions [65]. In the coaxially wet
spun CNF/GG filaments the lack of tension resulted in a more circular
cross-section compared to high draw ratio CNF/CA filaments.

Most spinning processes use spinnerets that contain several orifices that
range in size from 10 to 100 µm [97]. As a result, the dope enters the spin-
ning bath as a bundle instead of a single filament. This type of spinneret
configuration is advantageous regarding drawing as individual filaments
strands can break without interrupting the spinning process. Similarly,
multiple orifices could be used in coaxial spinning using an “islands-in-the-
sea” spinneret configuration In such a configuration, multiple core strands
are enveloped by a larger shell. The individual strands of CNF could be
extracted by dissolving the external CA shell to attain a tow-like bundle of
CNF filaments.

4.3 Additively manufactured EFCNF

The use of EFCNF as raw material for additive manufacturing was ex-
plored in Publication III. Particular emphasis was placed on the influence
of drying conditions and solids content on the drying deformation. 3D
constructs were produced out of EFCNF using DIW followed by simple
evaporative air drying.

4.3.1 Printability of EFCNF

The term "printability" is often employed to describe the suitability of a
particular raw material for 3D printing. While the term lacks a formal
definition and standardized evaluation methods [118], typical factors as-
sociated with printability in DIW based printing include extrudability
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through sufficiently small orifices and the ability of the ensuing structure
to retain its shape as further layers are deposited on top of it. The EFCNF
pastes studied in Publication III met these requirements as they could
be extruded through syringes with diameters in the millimeter range,
and they behaved as shape stable gel once deposited in the desired place.
Furthermore, the interlayer bonding was sufficiently high after drying to
prevent delamination.

EFCNF exhibited typical agglomeration related extrusion instability
associated with aqueous fibrillar suspensions. Of the three tested suspen-
sions, the highest solids content paste (25 wt%) exhibited a high clogging
propensity even with a 1.2 mm diameter syringe tip. The extrusion pres-
sure fluctuated more with 25 wt% pastes indicating an unsteady volumetric
flow rate. Such fluctuation has an adverse effect on the printing as an
uneven amount of material is deposited. The two lower solids content
pastes (15.5 wt% and 20 wt %) were printable with a smaller syringe tip
(0.84 mm) and also exhibited less fluctuation in the extrusion pressure.
A smaller diameter nozzle is desirable in extrusion-based printing as it
enables a higher printing resolution.

Once extruded, the EFCNF pastes retained their shape in a wet state.
Even with a 65 % ratio of extruded volume to model volume the structure
did not collapse during the printing. This high yield stress implies that
the different infill densities and patterns mean that the porosity and its
distribution can be influenced with printing parameters. EFCNF diluted
to 5 wt% was recently demonstrated as a viable raw material candidate
for wound dressings and for printing tissue models [171]. Naturally, the
wet constructs are composed mainly of water and undergo substantial
deformation during drying. This drying deformation is discussed in further
detail in section 4.3.3.

4.3.2 Force feedback in extrusion

Syringe pump type extruders are commonly employed in DIW of cellulosic
raw materials. Such extruders are advantageous because of their simplicity
and ease of integration to existing ME printing configurations. The custom
extruder system used in Publication III is based on the direct mechanical
actuation of the piston syringe. The extruder features sensors for piston
position and force which enables rapid and precise dosing required in DIW.
This direct actuation combined with the force sensor and linear position
feedback enabled precise dosing of high consistency EFCNF. To expand the
usability and performance of syringe type extruders an open-source design
was developed in Publication IV. Apart from the linear position feedback,
it has the same features as the same as the extruder used in Publication
III.
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Figure 4.3. Displacement, extruded volume and piston force using different kinematic
viscosities (cSt), flow rates (mL/min) and syringe orifice diameters (mm).
a) 1000 cSt, 1 mL/min, 1.8 mm b) 1000 cSt, 1 mL/min, 0.5 mm,
c) 10000 cSt, 0.2 mL/min, 0.5 mm , d) 1000 cSt, 0.2 ml/min, 0.5 mm.

Extrusion in a 3D printing context is characterized by intermittent
extruding and non-extruding movements of the printhead. Consequently,
the ability to initiate and halt the volumetric flow at the printhead quickly
and controllably has a direct influence on the print quality. Syringe pumps
have a slow response time which is dependent on the flow behavior of
the extrudate and the flow restriction of the circuit it is connected to
[172, 173]. Figure 4.3 shows the extrusion of silicone oil at three different
viscosities and two different speeds. The mass and movement values have
been normalized to milliliters to facilitate comparison. The piston force is
plotted in the same figure on a second horizontal axis.

As shown in Figures 4.3a and 4.3b the dose signal (orange line) corre-
sponds well to the movement (blue line) with a flow rate of 1 ml min-1. In
other words, the difference in the initiation and halting of movement and
the initiation and halting of flow is negligible. With a flow rate of 0.2 ml
min-1 the two lines no longer correspond (Figures 4.3c and 4.3d). As the
piston starts to move the system accumulates pressure for several seconds
until the flow initiates. Similarly, once the piston seizes the move, the
pressure dissipates slowly as the material oozes out. These fundamental
rheological aspects need to be taken into account to perform accurate ex-
trusion in a 3D printing context. The ability to measure the force during
extrusion enables determining whether a steady state is attained during
extrusion or not. Thusly, it is a useful metric in the development of dosing
algorithms for various liquids.

Hybrid velocity-force control schemes have been developed in the context
of freeze-form extrusion fabrication [174, 175, 176, 177]. Adapting these
control schemes into DIW of fibrous pastes could greatly enhance the
extrusion precision. The open-source and affordable design developed in
Publication IV facilitates the development of such control schemes.
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Figure 4.4. Printed constructs before and after drying at 25 °C and 50 % RH
a) SC: 15.5 wt%, b) SC: 20 wt%, c) SC: 25 wt%
Deviation from fitted shape primitive illustrated in colors, where red, green
and blue colors denote positive, low and negative deviation shape respectively.
The distance distribution from the fitted shape primitive is shown below the
corresponding sample.
d) SC: 15.5 wt%, e) SC: 20 wt%, f) SC: 25 wt%

4.3.3 Drying deformation of additively manufactured EFCNF

Expectedly, increasing temperature, reducing humidity and a higher initial
solids content increased drying time, though the latter contributed to a
smaller extent. The approximate mean drying times were 59 h, 13 h and
5 h for T:25°C, RH:50 %, T:50°C, RH:50 %, T: 85°C, RH:25 % respectively.
Samples printed from 15.5 wt%, 20 wt% and 25 wt% solids contents dried at
T: 50°C and RH: 50 % took on average 12 h, 13 h and 15 h. The drying times
are in the same range as reported for die-cast MFC films [178]. Increasing
the drying rate (T:85 °C, RH: 25 %) promoted formation of defects including
cracking and bulging with all solids contents. Smaller cracks were also
observed with constructs printed with the highest consistency (25 wt%)
dried at 50°C and 50 % relative humidity.

Figures 4.4a-c show the dried constructs (T:25°C, RH:50 %) next to their
wet counterparts. While the aspect ratio and volume of the structures are
notably different, there are no severe adverse defects such as cracks. The
main types of deformations are volumetric and collapse, which refers to a
disproportionate deformation downward (Z-direction). This type of drying
deformation has been observed by several research groups in additively
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Figure 4.5. Volume, Z dimension (height) and mean absolute distance between fit and
point cloud of scanned cubes

manufactured cellulosic materials [154, 144, 149].
The distance between the fitted primitive and point cloud is visualized in

Figure 4.4d-f. The geometrical error between the fitted box and the point
cloud is illustrated with colors. Negative errors (inside the fitted primitive)
are shown in blue and positive errors (outside the fitted primitive) are
shown in red. The green color denotes a low error between the scanned
point cloud and the fitted primitive. The distance distribution from the
fitted shape primitive is also shown below the corresponding sample using
the same color scheme.

The volumes reduced proportionately to initial solids content with sam-
ples printed with 15.5 wt%, 20 wt% and 25 wt% EFCNF reducing on
average to approximately 16%, 21% and 27% of the original model volume
respectively. The volumetric shrinkage is attenuated by increasing the
temperature from 25 °C to 50 °C with the same relative humidity as shown
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in Figure 4.5. Similarly to volumetric change, the collapse is inversely
proportional to the initial solids content and drying rate. As indicated by
Figure 4.5, a moderate increase of the drying rate results in a moderate
reduction of collapse. For example, the Z dimensions of samples printed
with 15.5 % wt, 20 % wt and 25 % wt EFCNF were on average 7.2 %, 4.5 %
and 4.8 % higher in samples dried at 50°C compared to samples dried at
25°C with the same relative humidity. This trend continues to the fastest
drying (T: 85°C, RH: 50%), but all of these specimens exhibited large cracks
and high root-mean-square (RMS) error of the fitted primitive.

The smallest standard error in dimensions and lowest RMS error of the
fitted primitive was observed with samples printed with 20 wt% EFCNF
and dried at 25 °C and RH: 50%. Furthermore, the characterization of
drying deformation implies that the drying deformation is repeatable with
these parameters. This suggests that by applying appropriate compen-
sations to the model data ,i.e., scaling and elongating it, shape accurate
structures could be produced using evaporative drying in atmospheric
conditions. Such compensation has been successfully demonstrated by
Thibaut et al. [163] using a paste consisting of carboxymethyl cellulose
and cellulose fibers. Effective application of such compensation algorithms
to different geometries requires further development of drying and drying
deformation models.

4.3.4 Structure of additively manufactured EFCNF

The structure of the printed constructs was characterized using XµCT
analysis and stress-strain measurements. The 3D-visualizations (Figure
4.6a–c) show the void space within the printed constructs. The red color
denotes void space inside the construct. The results indicate that as the
initial consistency is increased the porosity of air-dried construct increases.
An opposite correlation has been previously reported with freeze-dried 3D
printed CNC constructs [54]. This correlation was attributed to the higher
rigidity of the higher solids content matrix compared to a wetter one. The
higher solids content structures are less prone to collapsing during drying

10 mm 10 mm10 mm

Figure 4.6. 3D visualizations of the XµCT images, where void space is shown in red color
a) SC: 15.5 wt% , b) SC: 20 wt% , c) SC: 25 wt%
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Table 4.1. Tensile properties at break

SC: 15.5 wt % SC: 20 wt % SC: 25 wt %

Stress (MPa) 31.1 ± 1.7 25.2 ± 3.1 17.6 ± 3.4

Stiffness (MPa) 329.2 ± 78 503.4 ± 44.7 440.1 ± 68.1

Load at break (N) 572 ± 32.2 646.6 ± 60.4 651 ± 129.6

Elongation (%) 9.2 ± 1.2 9.7 ± 0.5 6.6 ± 0.7

Density (g / cm3) 1.31 ± 0.02 1.24 ± 0.05 1.20 ± 0.3

Porosity (%)* 12.4 14.4 16.7
* Value from XµCT analysis of the cube constructs

and consequently, they retain a higher amount of the initial internal void
space. This conclusion is supported by the observation that the structures
printed from higher consistencies exhibited a lower density. It is also likely,
that more air is incorporated into the structure during the printing of the
higher consistency as the extrusion is less stable.

The mean stress, stiffness, load and elongation at break as well density
and porosity of tensile testing specimens are shown in Table 4.1. Samples
printed with 15.5 wt% EFCNF exhibited the highest tensile strength and
samples printed with the 25 wt% EFCNF the lowest. The elongation at
break of samples printed with the 15.5 wt% and 20 wt% EFCNF was ap-
proximately 30% higher than the samples printed with the 25 wt% EFCNF.
The results indicate that a lower initial solids content is more favorable for
strength development compared to a higher consistency. Håkansson et al.
[154] evaluated the mechanical properties achievable with AM nanocellu-
lose constructs by printing two-layer films. The printed and air-dried films
had a tensile strength of 114 ± 14 MPa and mean stiffness of 4.3 ± 0.3
GPa. More recently native cellulose has been combined with chitosan to
produce raw materials suitable for large scale AM [179]. They reported a
tensile strength of 11.3 ± 0.6 MPa and a mean stiffness of 244.1 ± 24 MPa
for their printed composite structures. This wide distribution illustrates
the importance of optimizing AM process conditions and parameters in
improving mechanical properties.

Samples printed from 20 wt % EFCNF exhibited the highest stiffness,
load at break and elongation values. Apart from stiffness, the EFCNF
constructs demonstrated in Publication III exhibit comparable specific
properties to thermoplastic polymers commonly used in additive manu-
facturing [180]. Compared to die-cast or vacuum filtered MFC films AM
constructs exhibited inferior properties [181]. This is likely the result of
a lower density compared to vacuum filtered constructs as well as manu-
facturing process related stochastic defects introduced during layerwise
extrusion and drying.
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In summary, a sufficiently high solids content (15 to 20 wt %) with moder-
ate evaporative drying conditions (T: 50°C, RH: 50 %) results in repeatable
and arguably manageable drying deformation. While the structures un-
dergo a substantial reduction in volume and collapse, the repeatability of
these deformations implies the possibility of preserving design intent via
appropriate compensation procedures. Such findings encourage further
research into the systematic improvement of printing parameters as well
as further modeling of the AM process for EFCNF.
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5. Concluding remarks

As the demand for consumer goods increases, so does the demand for raw
materials to produce them. Relying on finite petrochemical feedstocks to
meet this demand is an unsustainable strategy and a collective weaning
from these resources is necessary. The successful transition to a bioecon-
omy requires not only material development but also the development of
the associated processes, machinery, and applications.

This dissertation showcased novel approaches, characterization methods
and tools in the field of bioproduct manufacturing technology and ma-
chinery. Both spinning and additive manufacturing of native wood-based
cellulose constructs were investigated. The results of this dissertation
demonstrate how the design challenges regarding process interrelations
can be explored via prototype process machinery.

Two spinning approaches were demonstrated that address the process
domain challenges that these novel raw materials pose. The throughput
was improved in both processes and structure-process-property interde-
pendencies were identified. However, like most other fields of engineering,
the development of bioproduct manufacturing processes revolves around
trade-offs. For example, the increased throughput coaxial wet spinning of
CNF came at the price of lower mechanical properties compared to state-
of-the-art processes. Ideally, spinning research should not focus solely on
producing small amounts of samples with remarkable properties but also
consider scalability throughout the development process.

There is a need for increasing the production capacity of high-quality
native wood fiber yarns and CNF filaments. Groundbreaking discoveries
may be hinged on sample scarcity due to limited production capability. The
work described in this dissertation scales the processes from a milligram to
a gram scale. Several kilograms of sample material is typically necessary
for systematic testing and analysis in textile, nonwoven and biocomposite
applications. Production of such quantities with current laboratory scale
equipment takes an exorbitantly long time. This low production capacity
impedes research into the application domain. Hence, the type of research
demonstrated in this dissertation is of high importance.
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Successful 3D printing of EFCNF and a novel shape fidelity evaluation
method was also demonstrated. Publication III demonstrates that EFCNF
is suitable for additive manufacturing. Furthermore, the tensile properties
of the produced structures were on par with thermoplastic counterparts.
Nonetheless, further exploration both in terms of printing and characteri-
zation of the constructs is necessary to determine their value in end-use
applications. Open-source tools, such as the one developed in Publication
IV, expedite such exploration.

Future work should aim to identify opportunity gaps, where the proper-
ties of wood fiber yarns, wet spun CNF filaments and 3D printed EFCNF
constructs are of the highest value to the end-user. Targeting bulk ma-
terials is unlikely to succeed as the economies of scale favor established
materials. The author considers it likely that the first commercial prod-
ucts made from, e.g. wet spun CNF filaments, will be niche and high
value-added.

The upscaling of any manufacturing process requires substantial re-
sources both in terms of capital and time. The risks associated with these
investments may be a considerable deterrence and consequently, many
bioproduct manufacturing technologies do not make it past the fume hood.
By building process machinery prototypes at early stages the upscalability
challenges can be identified early on. Therefore, the approach demon-
strated in this research is industrially relevant. It demonstrates how
to develop and evaluate prototype process machinery in the bioproduct
domain.

To summarize, native cellulose-based materials are a versatile and per-
formant group of raw materials. While they show immense potential as
evidenced by the numerous demonstrations discussed in this dissertation,
their processing also presents new challenges. Currently, many pieces of
the puzzle are still missing to facilitate the transition away from petro-
chemical plastics. Further concurrent development of the material, process
and machinery domain is necessary to reduce the number of unknowns as-
sociated with novel bioproduct manufacturing. The successful realization
of the full potential of native cellulose in practical applications demands
exploration of novel processing routes.
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