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1. Introduction  

After decades of developing petroleum-based plastics that would last forever, we 
are now facing enormous ecological issues with landfills piling up and micro plastics 
threatening the marine life. Today, topics like sustainability, eco-efficiency, and 
green chemistry are guiding technological development. The materials should be 
biobased, recyclable and biodegrade after use. The awareness of ecological issues 
in many countries has made them enact legislation in order to diminish the use of 
unsustainable plastics and promote recycling. This has led to the increased devel-
opment of biobased and biodegradable polymers worldwide. Cellulose is the most 
abundant biopolymer in the world, and also incredibly versatile, which makes it a 
great candidate as the multipurpose material of the future. 
 
 

 
 

Figure 1 Outline of the doctoral thesis 
 
 
In this thesis the objective was to utilize the inherent properties of cellulosic building 
blocks, from macrofibres to polymeric cellulose, in material development and design 
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and to understand the fundamental properties of the materials, their role in molecu-
lar level interaction at interfaces, as well as in macroscale applications, and the de-
mands for research methodology for each material. Outline of the work is presented 
in Figure 1. 

The thesis begins with a background presenting the materials, their properties 
and the current state-of-the-art regarding the applications. In the results, Paper I 
presents a new production method for producing 1D textile fibre yarns utilizing the 
largest building block, the pulp fibres, which are traditionally used in bulk paper and 
cardboard applications. Cellulose based textiles, on the other hand, have been 
made using long fibres of cotton or by dissolving and regenerating wood based pulp. 
However, due to the unsustainability of cotton production and the chemicals used 
in traditional dissolution processes, the direct utilization of pulp fibres would be at-
tractive. This would also enable the utilization of cellulose I structure and other ben-
eficial natural properties of the wood fibre. Due to the challenge presented by the 
short fibre length that prevents traditional yarn spinning, a new type of cellulose fibre 
yarn manufacturing process was developed. The presented pulp fibre yarns are 
manufactured using a deep eutectic solvent (DES) composed of choline chloride 
and urea and a dry-wet spinning method. DES was used as a dispersing agent and 
medium for the yarn forming process and washed away prior to drying. It was also 
shown in Paper I how fibre yarns could be made waterproof using a small amount 
of polyacrylic acid as a crosslinking polymer. A patent has been applied for the 
method (Hakalahti et al. 2015). In Paper II the interactions between this particular 
DES and pulp fibres were studied in detail. The influence of DES on fibre morphol-
ogy, chemical compositions and derivatisation, was examined as well as the effect 
of residual DES on the fibre yarns. It was discovered that extensive washing is re-
quired in order to remove electrostatically bound residuals of choline chloride. The 
knowledge acquired in Paper II could be utilized in the improvement of the fibre yarn 
properties. 

In Paper III, the effect of xylan on stability in dilute cellulose nanofibril (CNF) 
dispersions and the properties of 2D CNF films were studied. CNF is an excellent 
material for manufacturing biobased and biodegradable films due to its unique prop-
erties such as high strength, stiffness and its ability to form transparent or translu-
cent films upon drying using water based systems. These properties also make it a 
great candidate for industrial scale film production methods. One of the special prop-
erties, also crucial in film formation, is its gel forming ability in low concentrations 
(Pääkko et al. 2007). However, wood based CNF, particularly from hardwood, has 
a high weight percentage of glucuronoxylan (xylan), which has a big influence on 
the surface chemistry and on the properties and behaviour of CNF in various appli-
cations (Arola et al. 2013; Eronen et al. 2011; Iwamoto et al. 2008; Penttilä et al. 
2013). Therefore, in order to effectively utilize CNF as a building block in 2D film 
applications, it is crucial to unravel the effect of xylan on the stability, formation and 
properties of CNF films. Moreover, there is an increasing interest in utilizing xylan 
in other high added value products and several pre-treatments have been devel-
oped in order to recover hemicelluloses in biorefinaries (Tunc and Van Heiningen 
2008). As a result, the significance of xylan for the stability in dispersions, films and 



 

13 

during film formation was chosen for investigation in Paper III. It was discovered 
that xylan affects the stability at the molecular level and affects the water uptake 
ability of nanoscale films. However, the effects were diminished in macroscale films. 
These results enhance the effective utilization both of hardwood CNF as well as the 
hemicelluloses. 

In Paper IV, the potential of utilizing 3D printable cellulosic materials for surface 
tailoring and functionalizing cellulosic fabrics was studied. Combining 3D printable 
cellulose based materials with cellulose fabrics enables the development of all-cel-
lulose garments. The two cellulose derivatives, cellulose acetate (CA) and acetox-
ypropyl cellulose (APC), chosen as building blocks were both acetylated and in dis-
solved form, but had completely different properties due to differences in their mo-
lecular structures. Cellulose acetate, which is commercially available and widely 
used, forms rigid structures while acetoxypropyl cellulose forms soft/flexible struc-
tures, which could both be useful in textile applications. Visually, CA is transparent 
and APC a slightly cloudy white paste, but they can both be dyed as shown in Paper
IV.  Additionally, the use of these materials was demonstrated for 3D textile modifi-
cation and functionalization by several prototypes. 3D printing technology also en-
ables customization and diminishes production waste. The results provide new ap-
plication possibilities for textiles and might furthermore simplify their recycling pro-
cess due to an all-cellulose approach. 
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2. Background 

2.1 Cellulosic building blocks 

In this thesis, the versatility of cellulose is investigated and discussed as the utiliza-
tion and characterization of three cellulosic building blocks, the wood fibres, the 
nanofibrils and the polymer are presented as well as their bottom up utilization in 
designing 1D-, 2D- and 3D-applications.  

2.1.1 Wood fibres 

Even though all wood is basically composed of cellulose, lignin, hemicelluloses and 
various extractives, it is a very heterogeneous material due to different species and 
tissue-dependent variations. In general, wood species can be divided into two 
groups: softwood (or gymnosperms) and hardwood (or angiosperms). (Dufresne 
2012; Kargarzadeh et al. 2017). In this thesis, long fibres of softwood were used as 
pulp and short fibres of hardwood were further processed into CNF. 

Plant fibres, nature’s own biocomposite structures, are tough and water-insoluble 
layered structures. They are typically 1 to 59 mm long and approximately 10 to 50 

m wide hollow tubes where cell walls surround the lumen (Figure 2), which con-
tribute to the water uptake. Microfibrils are arranged in the cell walls with different 
orientations depending on the layer. The middle lamella does not have a special 
structure and in the thin primary cell wall the microfibrils are randomly arranged. S1, 
S2 and S3 are called the secondary wall and there the microfibrils are closely 
packed. S1 is a relatively thin layer consisting of 4-6 lamellae, the S2 layer is thick 
(30-150 lamellae) and the S3 layer is thin again (up to 6 lamellae). The correct ori-
entations of the microfibrils in each layer are currently under debate and new char-
acterization methods, to determine them, are being developed. (Casdorff et al. 
2017; Reza et al. 2014; Tsoumis 1991) 
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Figure 2 Simplified schematic presentation of the wood fibre structure 
 

Hemicelluloses are also found as support material in the cell walls. They are heter-
opolysaccharides composed of a variety of monosaccharides such as xyloglucans, 
xylans, mannans and glucomannans. In wood, the amount of hemicelluloses is usu-
ally around 20-30 wt%, however, the content, composition and structure differs de-
pending on the wood species. In softwood the main hemicellulose is galactogluco-
mannan and in hardwood glucuronoxylan. Birch kraft pulp, used in Paper III, con-
tains approximately 23 wt% of glucuronoxylan (O-acetyl-4-O-methylglucurono- -D-
xylan). It is partially loosely bound on the fibril surfaces and has a large contribution 
to the material properties. For example, in nanocellulose production, the presence 
of hemicelluloses aids the mechanical fibrillation. (Fengel and Wegener 1984; 
Iwamoto et al. 2008; Penttilä et al. 2013; Sjöström 1993).  

Lignins are a group of complex aromatic polymers resulting from oxidative com-
binatorial coupling of 4-hydroxyphenylpropanoids (Ralph et al. 2004). Lignins have 
been, in this thesis, removed by bleaching from the materials used and thus will not 
be discussed further.  

 

2.1.2 Nanoscaled cellulose 

The plant cell wall is composed of cellulose nano- and microfibrils, which can be 
disintegrated using a top-down process involving mechanical and chemical meth-
ods. According to the IUPAC definition, materials are considered to be nanosized 
when at least one dimension is in the size range of 1 nm - 100 nm. Therefore, the 
term CNF can be used for a variety of cellulose materials produced with different 
fibrillation protocols. 
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Microfibrillation was first reported by Turbak et al. (1983). Micro- and nanofibril-
lated celluloses are produced top-down by disintegrating pulp fibres using mechan-
ical processing such as grinders or high pressure (e.g. microfluidization). The ma-
terial produced using mechanical grinding is still rather coarse (diameter 10-100 nm, 
length 0.5-50 m) as the microfibrils are formed of elemental nanofibril aggregates. 
By using chemical pre-treatments, aggregates can be deconstructed into smaller 
units by effectively weakening the interfibrillar hydrogen bonds prior to mechanical 
processing, for example, by utilizing 2,2,6,6-tetramethyl-piperidinyl-1-oxyl radical 
(TEMPO) region selective oxidation (Saito et al. 2006), carboxymethylation 
(Wågberg et al. 1987) or enzymatic hydrolysis (Pääkko et al. 2007) as a pre-treat-
ment. Nanofibrils are composed of crystalline regions and, less ordered, amorphous 
regions. Debates, of how these regions are intermixed have been on-going for dec-
ades, but the so-called fringed fibrillar model, where there is less structured arrange-
ment of non-uniform crystalline segments with presumably very small amorphous 
parts (4-5 anhydroglucose units in length), is nowadays widely accepted. (Hearle 
1958; Nishiyama et al. 2003a; TAPPI 2011)  

Cellulose nanocrystals (CNCs) were first reported on in the 1950s (Rånby 1951). 
Nanocrystals are formed using acid hydrolysis (e.g. H2SO4 or HCl) that, according 
to current knowledge, removes (hydrolyses) the amorphous regions of the cellulose 
microfibrils leaving only the rod-like particles (diameter 3-10 nm, L/D >5) 
(Kargarzadeh et al. 2017; Mariano et al. 2014; Moon et al. 2011; TAPPI 2011).  

In order to study these materials, microscopic tools can be applied. A scanning 
electron microscope (SEM) can be utilized to examine dimensions from millimetre 
to micrometre scale whereas dimensions at the nanometre scale can be revealed 
using an atomic force microscope (AFM) or cryogenic transmission electric micro-
scope (cryo-TEM). Photographs and microscopic images of the micro and na-
noscale cellulosic materials can be found in Figure 3. 

The aforementioned CNFs have a large surface area, high aspect ratio and high 
swellability. They generally form strong hydrogels in low solids content (1-3 wt%) 
and have excellent film formation ability (Mautner et al. 2018). However, recent de-
velopments regarding a production technique for high consistency (20-40 wt%) en-
zymatically fibrillated pulp (EFP) material introduced a new nanocellulosic material 
(Hiltunen et al. 2015). The material is produced using specific cellulase enzymes 
and fibre-fibre friction during mixing at low water content and it resembles more a 
paste than a gel. 
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Figure 3 Cellulose micro- and nanofibrils and nanocrystals 

There have been many published and demonstrated applications for CNF, however, 
so far only a few are commercial. Despite that, CNF is today produced by several 
companies worldwide. For instance, Sappi has a pilot-scale plant for CNF produc-
tion in the Netherlands and Nippon Paper in Japan started large-scale production 
of TEMPO-oxidized CNF in 2017. (Nippon Paper Group 2017; Sappi 2017) 
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2.1.3 Cellulose polymer 

Cellulose polymer is the molecular building block and the main structural component 
of woods and plants of the earth. Anselme Payen, a French professor, was the first 
to discover it in 1838 by noticing the difference in compositions of lignified and non-
lignified plant matters (Payen 1838).  

The structure of cellulose is relatively simple in the field of polysaccharides, how-
ever, its simple structure makes the chemical reactions rather complex and is re-
sponsible for the unique macroscopic properties of the polymer. Cellulose is a linear 
homopolymer composed of glucose monomers called D-anhydroglucopyranose 
units (AGUs) linked together by -(1 4)-glycosidic bonds (Figure 4). Every other 
monomer is rotated 180 degrees with respect to its neighbours. There are around 
10000 AGUs in native wood polymer and three hydroxyl groups in each AGU (C2, 
C3 and C6), which are capable of typical chemical reactions for primary and sec-
ondary alcohols. The length of cellulose chains varies and the number of repeating 
glucose units is presented as degree of polymerization (DP). (Klemm et al. 1998; 
Roman 2009; Sjöström 1993) 

 
 

 
Figure 4 Molecular structure of cellulose 

 
Cellulose polymers in native wood are packed in a semi ordered structure. The rel-
atively rigid polymer chains are connected with intramolecular hydrogen bonds and 
assembled in sheet structures via intermolecular bonding. The sheets are con-
nected via van der Waals forces. (Gross and Chu 2010) 

According to current knowledge, there are three different cellulose crystalline 
structures (cellulose I, II, and III). Cellulose I is native cellulose, and can be divided 
into I  and I . They both coexist in nature but I  is dominant in bacteria and algae 
and I  in higher plants. The structures of cellulose I  and I  differ in their molecular 
conformation, hydrogen bonding network and packing. The crystalline structure of 
cellulose I  is triclinic and I  is monoclinic. Cellulose II is formed irreversibly from 
cellulose I either by dissolution and regeneration or by alkali treatment. Regenera-
tion alters the hydrogen bonding patterns (from parallel to anti-parallel) affecting 
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also the material properties. Cellulose III can be prepared reversibly, using various 
chemical treatments, from cellulose I (parallel chains IIII) or II (anti-parallel chains 
IIIII). Previously, a cellulose IV form was also suggested, but it has been shown that 
it is only a slightly disordered form of cellulose I . (Atalla and Vanderhart 1984; 
Newman 2008; Nishiyama et al. 2002, 2003b; Wada et al. 2004) 

Cellulose processing and modifying often involves dissolution. However, cellu-
lose is not an easily dissolving polymer due to the rigidity of the chains, crystallinity, 
amphiphilicity and the high molecular weight, therefore, it is soluble only in selected 
solvents (Medronho et al. 2012; Nishiyama 2014; Olsson and Westman 2013). Sol-
vents that are capable of dissolving cellulose are divided into derivatizing and non-
derivatizing (or direct) solvents, depending whether they form covalent modifica-
tions on the cellulose backbone or interact only physically (Heinze 2016). A rather 
large number of non-derivatizing cellulose solvents are known today such as aque-
ous alkali (e.g. NaOH) solutions (Isogai and Atalla 1998), amine oxides (Chanzy 
1980; Rosenau et al. 2001), ionic liquids (Swatloski et al. 2002), organic solvents 
with inorganic salts (DMAc/LiCl) (McCormick and Callais 1987), inorganic metal 
complexes (Saalwächter et al. 2000), molten inorganic salts (Fischer et al. 2003), 
and DMSO/ TBAF (Köhler and Heinze 2007). Cellulose derivatization is discussed 
in the next section. Cellulose solubility is, in general, a very complex topic with sev-
eral disputed theories and is discussed elsewhere in detail (Olsson and Westman 
2013), therefore there is no further discussion here regarding the subject.  

2.1.4 Cellulose derivatives 

Cellulose derivatives are manmade biopolymers and also the world’s first synthetic 
polymers ever developed. The first cellulose derivative, cellulose nitrate was dis-
covered by Braconnot (1833). It was the first cellulose derivative produced industri-
ally as a textile material called artificial silk and it is still manufactured for applica-
tions such as explosives and lacquers for nail polishes. From the mid-19th century 
to this day, a large number of cellulose derivatives have been developed and many 
of them are also currently used.  (Edgar et al. 2001; Klemm et al. 1998)  
    In cellulose derivatization, the hydrogens in the hydroxyl groups are substituted 
with functional groups typically by esterification, etherification or oxidation (Figure 
5) (Kang et al. 2013; Klemm et al. 1998). These substituents can alter the properties 
of cellulose drastically and enable the formation of bioplastics. Degree of substitu-
tion (DS) expresses the number of cellulose hydroxyl groups per one repeating unit 
that is substituted during the reaction and it can range from 0 to 3. However, com-
plete functionalization rarely occurs. (Klemm et al. 1998) 

Probably the most important industrial scale derivatization application for cellu-
lose is the viscose process (cellulose xanthogenate), where a mixture of copper(II) 
hydroxide and aqueous ammonia is used for cellulose dissolution (Cross et al. 
1894). The dissolved polymer can be spun into fibres and precipitated in dilute sul-
phuric acid.  
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Figure 5 Synthesis of cellulose esters and ethers (redrawn from Kang et al 2013) 

Cellulose acetate is the cellulose derivative with the second largest industrial pro-
duction. It was discovered by Schützenberger in the 1860s and was the first cellu-
lose ester of an organic acid. Today cellulose acetate is manufactured from cotton 
or wood pulp using acetic anhydride as the esterifying agent and sulphuric acid as 
the catalyst. Some of its many applications include: cigarette filters, films and eye-
glass frames. Cellulose acetate is biodegradable, however, the degradation rate 
and method depends on the DS; the higher the DS the slower the degradation. 
Deacetylation of the polymer needs to be first accomplished by enzymes, hydrolysis 
or by photochemical degradation, followed by rather rapid enzymatic hydrolysis of 
the cellulose backbone. (Klemm et al. 1998; Puls et al. 2011) 

Acetoxypropyl cellulose (APC) is synthetized from hydroxypropyl cellulose using 
acetylation. Hydroxypropyl cellulose is a commercial, water-soluble polymer that is 
used, for example, in the medical industry for tablets and as a thickening agent 
(Kargarzadeh et al. 2017). APC, on the other hand, is not a very commonly used 
cellulose derivative, but some research was conducted in the 80s on its liquid crys-
talline properties (Laivins and Gray 1985; Tseng et al. 1981) and, more recently, it 
has been used for electrospinning (Canejo et al. 2008) and in thin films (Filip et al. 
2006; Godinho et al. 2009; Maji et al. 2013). In this thesis, APC was utilized for 3D 
printing due to its favourable mechanical and physical properties, as it is a soft and 
flexible polymer (amorphous solid). CA, on the other hand is a hard and rigid mate-
rial. 
 

2.2 Cellulosic building blocks in materials design 

2.2.1 1D stuctures from cellulosic materials  

Long cellulosic fibres from cotton or flax can be spun into a 1D yarn structure using 
a simple process. However, in order to transform wood based cellulosic materials 
into yarns and filaments, dissolution and regeneration of cellulose solutions has 
been traditionally required, and as a result, man-made cellulosic materials, such as 
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viscose, modal or lyocell, are obtained (Woodings 2001). These materials are cur-
rently widely used in textiles.  

In order to retain the inherent properties of wood fibres, an alternative ap-
proaches, where dissolution and regeneration is not used, have recently gained a 
lot of attention. One approach is the utilization of CNF in fibre spinning where sev-
eral methods for wet-spinning (Håkansson et al. 2014; Iwamoto et al. 2008; Lundahl 
et al. 2016; Walther et al. 2011) and dry-spinning (Ghasemi et al. 2017; Hooshmand 
et al. 2015; Shen et al. 2016) have been developed. Additionally, monofilaments 
from enzymatically fibrillated pulp (EFP) have also been reported (Spoljaric et al. 
2017). However, all the CNF and EFP filaments are still only produced at laboratory 
scale due to challenges in process upscaling and water stability issues (Lundahl et 
al. 2017). Another approach is to manufacture yarns utilizing pulp fibres as building 
blocks. Due to short wood fibre, the formation of filament or yarn from pulp fibres is 
not as simple as with the long fibres of cotton or flax, and therefore the development 
of new spinning methods is required. Salmela et al. (2013) have demonstrated a 
yarn manufacturing method using aqueous pulp suspension with alginate as a gel-
ling agent with a subsequent dewatering step, and in this thesis a waterless process 
utilizing deep eutectic solvent (DES) as a medium for dry-wet spinning for fibre yarn 
is presented. 
 
 

 
Figure 6 Pulp fibre filaments from DES process (photo: Eeva Suorlahti) 

 
By using the very basic bleached pulp, less processing steps are required. Wood 
pulp is also considered more environmentally friendly than cotton, due to cotton’s 
high consumption of water and arable land (Hämmerle 2011). Despite the fact that 
the resulted fibre yarns are not as strong as cotton or filaments made using tradi-
tional methods, they are water-stable and strong enough to have potential applica-
tion areas, for example, in textiles, disposable textiles or composite structures as 
demonstrated in Paper IV. 
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2.2.2 2D structures from cellulosic materials  

Paper and board, the most common 2D applications of cellulose, are produced from 
wood fibres. Prior to production, pulp fibres are dispersed using industrial processes 
for mechanical (e.g. thermomechanical pulp (TMP)) and chemical pulps (e.g. Kraft). 
Also, various types of films from cellulose derivatives have been developed (Cao et 
al. 2010; Li et al. 2012; Zhang et al. 2001), cellophane being the most common 
application. However, the recent advances in the nanofibrillation process, such as 
improvement in energy efficiency due to cheap and effective pre-treatments and up-
scalable production methods, have inspired many new CNF film applications 
(Pääkko et al. 2007; Saito et al. 2007).  

CNF films are typically prepared from dilute dispersions (Tammelin et al. 2013). 
Solvent (often water) is removed by evaporation or vacuum filtration and additional 
pressing could be applied. Fibrils are held together by strong hydrogen bonds and 
the films are often translucent since thin fibrils do not scatter light. (Benítez et al. 
2013; Nogi et al. 2009; Österberg et al. 2013). The inherent film forming ability, 
intrinsic mechanical properties due to high crystallinity, high surface area and na-
noscale dimensions of CNF make it an excellent material for various film applica-
tions (Benítez et al. 2013; Nogi et al. 2009; Tammelin and Vartiainen 2014; 
Österberg et al. 2013) 

CNF films exhibit good barrier properties due to densely packed fibrils. Oxygen 
permeability at low relative humidities is often much lower compared to other bio-
materials and at a similar level to conventional synthetic films. CNF films can also 
be used as coatings to improve oxygen and oil barrier properties. (Aulin et al. 2010; 
Syverud and Stenius 2009; Österberg et al. 2013) 

In this thesis, 2D films from CNF with different hemicellulose (xylan) contents 
were produced and the effect of xylan was investigated. Since the hemicelluloses 
cover the microfibrils, they have a large effect on the material properties. Hemicel-
luloses have been noticed to prevent hornification of the fibres, induce swelling, 
decrease the aggregation behaviour of cellulose, decrease the average crystallinity 
and affect the dimensions of the microfibrils (Duchesne et al. 2001; Köhnke et al. 
2010; Oksanen et al. 1997; Uhlin et al. 1995; Wan et al. 2010; Whitney et al. 1998; 
Young and Rowland 1933). In papermaking, hemicelluloses, particularly xylan, have 
been used to improve paper strength by contributing to hydrogen bonding and in-
creasing flexibility (Helmerius et al. 2010; Schönberg et al. 2001), however, high 
amounts of hemicelluloses tend to decrease the tear strength (Hannuksela et al. 
2004; Schönberg et al. 2001) and hinder filler retention due to higher charge 
(Lyytikäinen 2017). In CNF films, xylan decreases fibril aggregation by increasing 
repulsion between fibril surfaces (Paananen et al. 2003), however, the role of xylan 
for CNF film strength properties is somewhat unclear since both addition (Lucenius 
et al. 2014) and removal (Arola et al. 2013) of xylan have been observed to improve 
strength. If TEMPO oxidation is used as a pre-treatment for CNF, large amounts of 
xylan have been observed to hinder the reactivity of cellulose towards oxidation 
(Pääkkönen et al. 2016). For the production of dissolving pulp, low hemicellulose 
content is a requirement (Borrega et al. 2013). Removal of xylan from pulp would 
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also be attractive, due to its potential to be exploited as a value added product else-
where (Lyytikäinen 2017). 
 
Ultrathin model films  
Ultrathin films of CNF and cellulose derivatives can be used to reveal surface inter-
actions. Thin film studies enable thorough investigation of the materials and inter-
actions at molecular level eliminating the bulk effect. Native cellulose I (with hemi-
celluloses) can be studied using a dilute CNF dispersion and cellulose II (or amor-
phous cellulose if spin coating is used) using a cellulose derivative Trimethylsilyl 
cellulose (TMSC) with regeneration to pure cellulose. (Hoeger et al. 2014; Holmberg 
et al. 1997; Tammelin et al. 2006) 

Model films are deposited on a flat surface and consist of a very thin layer of one 
or more chemically well-defined compounds. These model films can be made, for 
example, using spin coating or dipping procedures such as Langmuir-Blodgett or 
Langmuir-Schaefer (Langmuir and Schaefer 1938). The surface sensitive method-
ology used today to study these films is quite extensive. Some of the most com-
monly utilized characterization methods are Quartz Crystal Microbalance with Dis-
sipation monitoring (QCM-D), X-ray Photoelectron Spectroscopy (XPS) and Atomic 
Force Microscopy (AFM), which have all also been used in this thesis. Typical phe-
nomena studied using cellulose model films are adsorption, interaction and swelling 
(Kontturi et al. 2006; Tammelin et al. 2006; Wågberg et al. 2010; Österberg and 
Valle-Delgado 2017). In addition to research purposes, ultrathin CNF films have 
been demonstrated as a biobased coating for implants to prevent corrosion (Wilson 
et al. 2017).  

In Paper III, the water interactions of spin coated cellulose model films from CNF 
were studied and in Paper IV the material compatibility of 3D printed cellulose de-
rivatives with pure cellulose II were investigated using QCM-D.  

2.2.3 3D printed structures from cellulosic materials 

Wood has traditionally been used for manufacturing large 3D objects such as build-
ings and furniture utilizing timber, plywood and wood chips as building blocks.  How-
ever, 3D structures can also be formed from other cellulosic materials such as CNF 
or cellulose derivatives utilizing new manufacturing methods such as 3D  or bioprint-
ing.  

3D printing belongs to the novel additive manufacturing methods that build a 
product from successive materials layers. It has immense potential to be utilized 
with new materials and in various manufacturing industries since moulds are not 
needed and waste is minimized. 3D printing also enables the mass customization 
of products on-demand. (Berman 2012; Peng et al. 2015)  

There are a few previous publications combining cellulose with 3D printing. Cel-
lulose dissolved in ionic liquid and nanocellulose based ink for biomedical applica-
tions such as tissue engineering and regenerative medicine have been previously 
reported by Markstedt et al. (2014, 2015, 2017). Moreover, 3D printable nanocellu-
lose-alginate hydrogel was recently reported as having a potential application in 
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wound dressing (Leppiniemi et al. 2017). Cellulosic objects have been printed using 
cellulose acetate (Pattinson and Hart 2017) and Z corporation has used short cel-
lulose fibres as one component in their commercial powder for 3D powder printing 
(Pfister et al. 2004). Furthermore, wood chips with gypsum as a binder have been 
utilized to manufacture 3D objects (Henke and Treml 2013). However, in the textile 
world there were no previous records of combining cellulosic materials with cellulo-
sic textiles using 3D printing. Materials from non-renewable sources are commonly 
used in the textile and fashion industries as fabrics (nylon, polyester) as well as in 
add-ons to garments in fashion such as buttons, prints, and labelling. By mixing 
different materials in garments, the recycling becomes more complex and non-cel-
lulosic materials need to be removed from cellulosic textiles prior to post-consumer 
recycling (Blackburn 2009). If these materials could be exchanged for cellulose and 
applied directly by a 3D printing process, recycling could be simplified, the need for 
manual labour decreased and the high internal affinity of cellulosic materials utilized. 
Additionally, the versatility of cellulosic materials enables printing of both hard and 
soft structuring, which creates endless possibilities for textile applications.  

Therefore, in this thesis, polymeric cellulose and cellulose derivatives were used 
as building blocks for 3D applications. To be precise, CA, APC and cellulose dis-
solved in ionic liquid were utilized for textile modification using 3D printing. The ap-
proach was to develop all-cellulose garment applications by utilizing cellulose as 
both a textile and a printing material.  
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3. Experimental 

The work done in this dissertation focused on utilizing cellulose in its different forms 
as building blocks for 1D-, 2D- and 3D-applications and studying the properties and 
interactions of these materials from molecular level to macroscale utilizing compli-
mentary methods. Even though, the used materials are all cellulose based, their 
material properties are completely different due to chemical modifications or differ-
ences in size. Therefore, quite a number of different analysis methods were needed. 

The main analytical methods used in this thesis represent the methods that are 
the most versatile and give the most information about the materials properties or 
the interactions. For chemical composition and structure Fourier transform infrared 
spectroscopy (FTIR) (Papers I and IV), 13C CP MAS NMR spectroscopy (liquid and 
solid-state) (Papers I, II and IV) and X-Ray photoelectron spectroscopy (XPS) (Pa-
per II) were applied. For surface interactions and to reveal phenomena at interfaces 
a quartz crystal microbalance with dissipation monitoring (QCM-D) (Papers III and 
IV), and turbidity measurement (Paper III) were used and for physical performance 
tensile testing (Paper I) and adhesion measurements (Paper IV) were conducted. 

 

3.1 Cellulosic materials 

3.1.1 Pulp fibres as raw materials and for 1D yarn manufacturing 

Never-dried, bleached pine pulp was used for 1D yarns in Papers I and II and ele-
mental chlorine free (ECF) bleached birch kraft pulp for 2D films in Paper III. Pulps 
were supplied by Finnish pulp mills and, for Papers II and III, pulps were ion-ex-
changed to the sodium form in order to control the pulp properties and in Paper III 
to improve fibrillation. The ion-exchange was based on a slightly modified version 
of a method originally described by Swerin et al. (1990) with some additions 
(Lahtinen et al. 2014)  

Pulp samples with decreasing xylan content in Paper III were prepared by xy-
lanase hydrolysis with purified Trichoderma reesei Xyl II (pI9) using variable times: 
3, 24 and 68 hours in deionized water at 45 ºC. Enzymatic action was terminated 
by soaking the pulps in water at 90 ºC for 15 min.  

3.1.2 Nanofibrillated cellulose for 2D films application 

The pulps with variable xylan contents studied in Paper III were nanofibrillated by 
first pre-refining the pulp using Voith laboratory scale refiner (LR-1, Voith) to avoid 
clogging during fibrillation. Pre-refined pulps were then diluted to 1.8 wt% con-
sistency with deionized water and dispersed using Dispermat (VMA Getsman 
Gmbh) at 3400 rpm for 60 minutes. Fibrillation was conducted with several succes-
sive passes using a high-pressure fluidizer (Microfluidizer EH110, Microfluidicies 
Corp.) through two differently sized chamber pairs. The first chamber pair was used 
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for the first pass with diameters of 400 μm and 200 μm at a pressure of 1350 bars. 
The rest, 17 passes, were done through a chamber pair with diameters of 400 μm 
and 100 μm at a pressure of 1850 bars until the resulting material was homogenous, 
viscous and gel-like. The samples were stored at +4 ºC until use. 

3.1.3 Cellulose derivatives for 3D printing 

The cellulose derivatives (Figure 7) used for 3D printing in Paper IV were cellulose 
acetate (CA, DSAc of 3, Mw ~60000) and acetoxypropyl cellulose (APC) synthetized 
from hydroxypropylcellulose (HPC, DSHP of 4-5, Mw ~80000, average Mn ~10000, 
powder, 20 mesh particle size).  Both chemicals were obtained from Sigma Aldrich 
(USA).  
 

 

 
Figure 7 Cellulose acetate (left) and acetoxypropyl cellulose (APC) (right) 

 
Synthesis of APC was conducted via esterification as previously published by Tseng 
et al. (1981) with slight modifications. A detailed description can be found in Paper
IV. The molar substitution of hydroxypropyl cellulose was MSHP 4.3 and the degree 
of substitution for acetylation was DSAc 3.0. Chemicals used in the synthesis (N,N-
dimethylacetamide, pyridine and acetic anhydride) were obtained from Sigma Al-
drich (USA).  

The printable cellulosic materials used in Paper IV were prepared by dissolving 
CA in acetic acid (concentration 30 wt%) and APC in acetone (concentration of 80 
wt%).  

IL dissolved cellulose for demonstrator purposes was done by dissolving cellu-
lose cotton linters in [emim]OAc in 10 wt% concentration using the previously re-
ported procedure (Kosan et al. 2008). All printable cellulosic materials were stored 
in sealed containers at room temperature prior to 3D printing.  

3.1.4 Cellulosic fabrics for 3D printing 

Cellulose fabrics (Figure 8) used in the 3D printing studies in Paper IV were un-
coated and undyed woven cotton (plain weave, 100 % cotton, 150 g/m2, Iisalmen 
kangastukku, Finland), knitted cotton (single knit, 100 % cotton, 155 g/m2, Orneule, 
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Finland) and woven viscose (Bamboo Plain Ivory (BB12), plain weave, 100 % vis-
cose, 140 g/m2, Whaleys Bradford Ltd., UK).  
 

 
Figure 8 Photographs and microscopic inserts of cellulose fabrics used as the sub-
strates for printed structures. a) Woven cotton, b) knitted cotton and c) woven vis-
cose fabric. Inserts show microscopy images of the yarn looping of the used tex-

tiles. 
 

3.2 Other chemicals and materials  

Choline chloride (Sigma Aldrich, USA) and urea (Sigma Aldrich, USA) were mixed 
together with heat (100 °C) in molar ratio 1:2 according to Abbott et al. (2003) in 
order to produce a clear and homogenous deep eutectic solvent (DES) used in Pa-
per I-II. Polyacrylic acid (PAA, Sigma Aldrich, USA) was used in Paper I.  

In Paper IV, the chemicals used in the synthesis of APC were N,N-dimethyla-
cetamide, pyridine and acetic anhydride (obtained from Sigma Aldrich, USA) and 
the materials for tailoring fabric surfaces were 1-ethyl-3-methylimidazolium acetate 
([EMIM][OAc]) (IoLiTec, Germany), cellulose cotton linters (Milouban, Israel), ther-
mochromic pigment paste (Zenit, Sweden), reflective beads (commercial high index 
standard beads, particle size of 180-600 microns, white/clear) (Cole Safety Interna-
tional, USA), black colourant (commercial food grade paste colorant), and conduc-
tive yarn (BEKAERT’s Bekinox VN12/1*275/100Z steel yarn, Belgium). All other 
chemicals used were analytical grade and water MilliQ unless otherwise stated. 

3.3 Methods 

3.3.1 Spectroscopic methods to reveal chemical composition 

3.3.1.1 FTIR Spectroscopy 

Fourier Transform Infrared (FTIR) spectroscopy utilizes the interaction of mid-infra-
red light (from 4000 to 400 wavenumbers) with materials. In general, IR spectra can 
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determine the molecules present in the studied sample and their concentration. 
There are several different IR spectrometer types available but the most commonly 
used is FTIR. This is also commonly used in cellulose research. The theory behind 
FTIR is that it measures the absorbance of infrared light that corresponds to the 
resonant frequencies of specific bonds or groups. (Smith 2011) 

The advantages of FTIR are that it can be used with many types of samples 
(including solids, liquids, gases, semi-solids, polymers, powders, organics and inor-
ganics, biological materials and mixtures). FTIR gives a lot of information about the 
sample, it is simple and fast and the amount of material needed is very small. It has 
a long history in paper research as a tool for qualitative analysis, quantification of 
individual components and contaminant identification. In current cellulose research, 
it can also be used to determine wood constituents or chemical changes taking 
place. However, the interpretation of complex materials, such as pulp, is often chal-
lenging due to large number of signals in the fingerprint region marking variable 
polysaccharides, such as hemicelluloses. (Friese and Banerjee 1995; Pandey 1999; 
Smith 2011) 

Over the years, FTIR has included several different sampling techniques; e.g. 
attenuated total reflection (ATR) and diffuse reflectance infrared (DRIFT) spectros-
copy. With the non-destructive DRIFT method the quality of the spectra has im-
proved and measurement time decreased (Fan et al. 2016; Pandey 1999).  

FTIR spectrometer with ATR diamond (Thermo Scientific™ Nicolet™ iS™50 
FTIR Spectrometer, United States) was used to determine the chemical compo-
nents and study chemical bonds in bulk materials. In Paper I it was used to study 
the possible crosslinking of PAA to cellulose pulp and determine the purity of DES 
after recycling and in Paper IV to determine the purity of the materials by analysing 
the chemical composition of the fabrics, CA and APC and the regenerated cellulose 
from IL. All spectra were obtained from 32 scans with a resolution of 4 cm-1 and 
transmission mode from 350 to 4000 cm-1. 

3.3.1.2 Raman Spectroscopy 

Raman spectroscopy is a non-destructive analysis method based on monochro-
matic light interacting with the sample. Intense laser beams are used in the UV-
visible region to irradiate the sample and the scattered light is observed in a direction 
perpendicular to the incident beam. The interaction results in a shift in energy that 
gives information about the vibrational and/or rotational modes in the system. In 
Raman, the scattered light consists of two types of scattering: Rayleigh scattering 
and Raman scattering. The former is strong and has the same frequency as the 
incident beam and the latter is very weak, about 10-5 of the incident beam. (Edwards 
et al. 1997; Ferraro et al. 2002; Moon et al. 2014)  

Raman spectroscopy is related to the aforementioned infrared spectroscopy as 
they both operate in the same range; however, Raman is sensitive to non-polar 
bonds whereas IR is sensitive to polar bonds. (Solala 2015) 
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Raman spectroscopy was used to study the structural properties of pulp fibres in 
bulk in Paper II. Measurements were conducted using a Renishaw RM-1000 Sys-
tem equipped with a thermoelectrically cooled CCD detector. A Leica microscope 
with a 50× objective lens was used to focus the laser on the samples. A laser with 
785 nm wavelength was used to excite and record the Raman scattering with 10 s 
exposure time and ten accumulations. In the experiment, the fibres were oriented 
parallel and perpendicular to the polarization configuration of the laser light. Raman 
spectra of pulp fibres were normalized to the intensity of a band located at ~897 cm-

1 in order to remove amorphous contributions from the region of 250-700 cm-1. 
(Agarwal et al. 2010) 

 

3.3.1.3 Solid and liquid state 13C NMR Spectroscopy  

Nucleus magnetic resonance (NMR) is a spectroscopic technique that utilizes the 
magnetic properties of the atomic nucleus. Certain nuclei resonate at a character-
istic (radio) frequency when placed in a magnetic field. The small variations on that 
frequency reveal detailed information about the molecular structure of the charac-
terized material. Here, the 13C nucleus was used, which is a common nucleus ob-
served in both liquid and solid state spectroscopy (Conte et al. 1997; Jacobsen 
2007) 

Due to its ability to provide information about the chemical environment as well 
as ultrastructural details solid-state NMR spectroscopy is often used in lignocellulo-
sic research. The first cellulose NMR studies were conducted by Atalla and 
Vanderhart et al. (Atalla 1999; Atalla and Vanderhart 1984; Earl and VanderHart 
1981; VanderHart and Atalla 1984)  

Solid state 13C cross polarisation magic angle spinning (CP MAS) NMR spec-
trometers (Agilent 600 NMR spectrometer (I) and Bruker AVANCE-III 400 MHz, 
Bruker BioSpin, Germany (II)) were used in Paper I-II to measure spectra from an 
untreated reference pulp sample and a pulp sample kept in ChCl/urea overnight to 
determine the possible residuals from DES treatment. Agilent 600 NMR 20,000 
scans were accumulated with a MAS rate of 10 kHz using a 1.1 ms contact time 
and a 3.0 s relaxation delay between successive scans. In Brucker AVANCE, 
10,000 scans were collected for each sample using 8 kHz spinning frequency, 2 ms 
contact time, and 5 s delay between pulses.   

Liquid state 13C NMR spectroscopy was used in Paper II to determine the spectra 
for ChCl and urea in order to compare them to additional signals found in DES 
treated pulp and in Paper IV to compare the spectra of HPC and APC in order to 
determine a successful esterification reaction. 30 mg of ChCl and urea were dis-
solved in DMSO-d6t and APC was dissolved in acetone-d6 with concentration 100 
mg ml-1 and 8 mg ml-1 and Cr(acac)3 was added for enhanced relaxation. Magnetic 
flux density was in both cases 11.7 T. and a 13C spectrum was acquired with a 
BB(F)O double resonance probe head at 22 °C, using a 30 degree pulse and a 
waltz16 proton decoupling sequence. A total of 1200 scans were collected for ChCl 
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and urea and 20,000 scans for APC with a 1.5 s relaxation delay between succes-
sive scans. Referencing was conducted using the lock frequency and Bruker Top-
Spin 3.5 software was used to process the spectrum. 

3.3.1.4 X-Ray photoelectron spectroscopy  

X-Ray photoelectron spectroscopy (XPS) is a widely used, surface sensitive analy-
sis method that is based on the photoelectric effect discovered by Hertz in the late 
19th century (Hertz 1887) and further elaborated by Einstein (1905). For lignocellu-
losic materials the method was first applied in the 70s (Dorris and Gray 1978). When 
a sample is irradiated with X-rays, a photoelectron emission is triggered. The meas-
ured kinetic energy of the photoelectron is directly proportional to the binding energy 
of the electron to a nucleus. The binding energy is element-specific, which enables 
the determination of the element. Since the photoelectrons can travel only very short 
distances and lose energy due to collisions, the method is highly surface sensitive 
and the measurements have to be performed in ultrahigh vacuum conditions (pres-
sure below 9-10 mbar). For cellulose samples the analysis depth is approximately 
10 nm. 

XPS was used to analyse the surface elemental compositions and chemical 
states in Paper II using an AXIS Ultra electron spectrometer (Kratos Analytical Ltd, 
UK.) with monochromatic A1 K  irradiation at 100 W and effective charge neutrali-
zation with slow thermal electrons. Johansson and Campbell (2004) have been pre-
viously published the set-up and acquisition parameters. Prior to the measure-
ments, the samples were placed in a pre-chamber overnight. Low-resolution wide 
spectra, and additionally for some samples, high resolution spectra of the carbon 
(C 1s) region were collected. Three parallel measurements were made from each 
sample. As an in situ reference, a sample of ash free 100 % cellulose filter paper, 
stored under dust free ambient conditions, was analysed. (Johansson and Campbell 
2004). Due to ultrahigh vacuum or X-rays no degradation of the samples was ob-
served during the measurements. 

3.3.1.5 UV-VIS spectroscopy 

UV-VIS spectroscopy was used to study the changes in charge using the adsorption 
of methylene blue on cellulose fibres in Paper II. The adsorption has been previously 
published by Ho et al. (2011), and it was applied with some modifications. The 
method was based on the (electrostatic) adsorption of the cationic dye to the anionic 
sites of cellulose. The adsorption level was measured using the intensity level of the 
supernatant (Palit and Moulik 2000). Cationic methylene blue dye solution was pre-
pared by mixing 0.0161 g of methylene blue with MilliQ-water (100 ml) at room tem-
perature. 0.016 g of dry pulp was mixed with 1 ml of dye solution and 39 g of MilliQ-
water. Continuous shaking was applied for 24 hours at room temperature using a 
Stuart orbital shaker (SSL1, UK) at a speed of 160 rpm. Subsequently, the disper-
sion was centrifuged for 30 minutes at 10000 rpm and a few millilitres of supernatant 
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was collected for the absorbance measurement, which was then placed in a 1 cm 
polystyrene cuvette and measured using a UV-VIS spectrophotometer (UV/VIS/NIR 
Lambda 900, Perkin Elmer, USA). Two parallel measurements were conducted and 
the maximum absorbance for methylene blue at 664 nm were compared. 

3.3.2 Microscopic techniques to reveal morphology 

3.3.2.1 AFM  

Atomic force microscopy (AFM) (Nanoscope IIIa multimode AFM, Digital Instru-
ment, Santa Barbara, CA) was used to characterize the changes in pulp surface 
morphology in Paper I and analyse the spin coated CNF thin films on QCM-D crys-
tals in Paper III. The topography images were scanned in tapping mode in air using 
a 10279EVLR scanner and silicon cantilevers (NCHV-A, Bruker, Camarillo, CA in 
Paper I and IMasch, Tallinn, Estonia in Paper III) with resonant frequencies of 320-
360 kHz. No image processing apart from flattening was made. At least three im-
ages were taken per sample.   

3.3.2.2 SEM  

Scanning electron microscopy (SEM) (Merlin® FE-SEM, Carl Zeiss NTS GmbH, 
Germany) was used to examine the changes in the morphology of pulp taking place 
during solvent exchange (water removal) and DES treatment in Paper II, as well as 
the morphology of the fibre yarns in Paper I. Samples were prepared on double-
sided carbon adhesive discs attached to aluminium specimen stubs. The samples 
were first sputter-coated (Agar™ Auto Sputter Coater, England) with platinum (Pt) 
to improve specimen conductivity and the imaging was conducted using 3.0 keV 
electron energy and 30 pA probe current. The pixel resolution was 2048 × 1536. 

SEM imaging for CNF samples in Paper III was performed using LEO DSM 982 
Gemini FEG-SEM (Noran Instruments Inc. Middleton, USA). Prior to the imaging, 
the nanofibril samples were solvent exchanged to acetone and the removal of ace-
tone was carried out by the critical point drying method (CPD, Bal-Tec CPD 030 
Critical Point Dryer) using CO2 as the transition liquid. CNF samples were, in this 
case, also sputter coated with platinum and examination was conducted using an 
acceleration voltage of 2.0 keV. 

3.3.3 Overall chemical composition 

Elemental analysis (C, H, N, S) of the pulp samples in Paper II was done with a 
FLASH 2000 series analyser (Thermo Scientific, USA). In order to remove excess 
moisture, the samples were dried at 105 °C overnight. The calculated elemental 
compositions of the samples were based on the carbon, nitrogen, and oxygen com-
position of an anhydroglucose unit (C6H10O6).  
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Carbohydrate composition (rhamnose, arabinose, galactose, glucose, xylose, and 
mannose) of the pulp samples was determined in Papers II-III by hydrolysing the 
samples. The resulting monosaccharide contents were determined by high perfor-
mance anion exchange chromatography (HPAEC) with pulse amperometric detec-
tion (Dionex ICS-5000 equipped with CarboPac PA20 column) according to an 
NREL standard (NREL Standard 2008; Sluiter et al. 2012; Willför et al. 2009)  

3.3.4 Surface interactions by QCM-D 

Quartz crystal microbalance with dissipation monitoring was used to study water 
vapour uptake with a humidity module (QHM401) of CNF thin film in Paper III and 
for the interaction assessment between cellulose derivatives and cellulose model 
surface in Paper IV.  

The QCM-D technique is an acoustic method based on oscillation of a piezoe-
lectric quartz crystal that is sensitive to changes in mass and viscoelastic properties 
of a film deposited on a crystal surface due to solvent or adsorbed material. These 
changes can be monitored in solid/liquid and solid/gas interfaces. (Höök et al. 1998; 
Rodahl and Kasemo 1996).  

The piezoelectric quartz crystal oscillates at its resonance frequency, f0. The fre-
quency depends on the total oscillating mass affecting the crystal and it increases 
or decreases with mass changes on the crystal surface. The amount of adsorbed 
material can be calculated using the Sauerbrey equation (Eq. 1) (Sauerbrey 1959). 
If the mass of adsorbed materials is evenly distributed, rigid and small, the shift in 
frequency  is related to the adsorbed mass, , per unit surface. 
 

    (1) 
     

where C is a constant that describes the sensitivity of the device to changes in 
mass and n is the overtone number (n = 1, 3, 5, 7) and. The adsorption of studied 
material to a thin film on crystal surface can be monitored on-line (Rodahl et al. 
1995).  

If the film on the sensor surface is not fully elastic or rigidly attached, frictional 
losses occur that lead to damping of oscillation with a decay rate of amplitude, which 
is dependent on the viscoelastic properties of the material. The change in dissipa-
tion ( ) measures qualitatively the rigidity of the film on the sensor surface 
and it is calculated using dissipation, , defined by Eq. (1). 
 

    (2) 

   
where is the total dissipated energy during one oscillation cycle and is 

the total energy stored in oscillation. The film can be considered fully elastic and 
rigid when D  1 × 10 1 and there is no spreading of the overtones. By measuring 
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simultaneously several overtones of frequency and dissipation responses, it be-
comes possible to determine the elastic or viscoelastic nature of the layer on the 
sensor. 

CNF thin films (Paper III) were prepared by spin coating (at 3000 rpm for 10 min) 
50 μl of dilute CNF dispersion in water (~0.05-0.1 wt%). Prior to spin coating the 
dispersion was treated with ultrasonic micro tip (Branson Digital Sonifier) and the 
sensor crystals were cleaned for 15 min using UV/ozone treatment and subsequent 
immersion in polyvinyl amine (PVAm) solution. PVAm was used to improve the ad-
hesion to the sensor surface and nanofibrils (Ahola et al. 2008). Spin coating was 
conducted to apply the CNF film on to the crystal surface. After spin coating, the 
CNF layer was rinsed with MilliQ water and dried gently with N2 (g). Final drying and 
heat-treatment was conducted in an oven at 80 ºC for 30 min to remove water and 
further enhance adhesion. 

QCM-D and a humidity module were used to determine the areal mass of the 
spin coated CNF layer. Areal mass was calculated by measuring the difference in 
frequency response of the sensor before and after CNF deposition in air (at 23 ºC) 
with an air flow of 0.1 ml/min after approximately 25 min stabilization of the signal. 
The collected frequency data, from the before and after measurements, was 
stitched together using QTools-software, and the areal mass was calculated using 
Eq. 1 (Peresin et al. 2012).  

The coated CNF sensors were stored, prior to the measurement, in a desiccator 
and protected from light.  Before commencing the measurement, the sensors were 
allowed to stabilize overnight at RH 11 % inside the QCM-D humidity module. By 
monitoring the frequency and dissipation changes as a function of time while ex-
posing the CNF films to different RHs, changes in water vapour uptake and viscoe-
lastic properties could be observed. Different RHs were applied by circulating satu-
rated salt solutions (Table 1) through the humidity chamber using a peristaltic pump 
(High Precision Multichannel Dispenser, Ismatec, Germany) at a flow rate of 100 
ml/min for 30 minutes at 23 ºC. The typical result of varying humidity using CNF thin 
film is presented in Figure 29. 

 

Table 1 Saturated salt solutions used in water vapour uptake monitored with 
QCM-D with their respective relative humidity (Greenspan 1977). 

 
Salt solution Relative humidity (%) 

LiCl 11
MgCl2 33 

Mg(NO3)2 53 
NaCl 75 

K2SO4 97 
Pure milliQ H2O 100 
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Figure 9 Schematic representation of the humidity chamber (left) and adsorption 
chamber (right) 

 
In Paper IV, QCM-D was used for the evaluation of adsorption and the strength of 
interactions of cellulosic materials. Trimethylsilyl cellulose (TMSC) was used for thin 
film preparation. It was synthetized from high purity cellulose powder from spruce 
(Sigma Aldrich, USA) using the method described by Österbeg and Claesson 
(2000). Cellulose thin films were prepared on gold coated QCM-D sensor crystals. 
The crystals were first cleaned using UV/ozone treatment for 30 min and then spin 
coated with toluene using a speed of 3000 rpm for 15 s to purify the crystal surface. 
10 mg ml-1 of TMSC in toluene was then spin coated onto the crystal surface with a 
speed of 4000 rpm for 60 s. Finally, the coated crystals were dried in an oven at 60 
°C for at least 10 min for proper adhesion. Desilylation was carried out in 10 % HCl 
vapour in vacuum for 5 minutes. Prior to the QCM-D measurements, the regener-
ated (pure) cellulose surfaces were kept in MilliQ-water overnight and gently dried 
with nitrogen gas before being placed in the QCM-D chamber.  

Adsorption was monitored while dilute dispersions (0.5 mg ml-1) of CA or APC in 
acetone were allowed to flow over the cellulose surface. Dispersions were pumped 
at a flow rate of 0.1 ml min-1 at 22 °C. A schematic representation of the systems 
can be found in Figure 9. 

The QCM-D sensor crystals used in this study were AT-cut quartz crystal coated 
with silicon dioxide (SiO2) (Paper III) and gold (Paper IV) with fundamental reso-
nance frequency of (f0) 5 MHz and the sensitivity constant of C  0.177 mg m 2 Hz 1. 
Sensor crystals were obtained from Q-Sense, (Gothenburg, Sweden)   
 

3.3.5 Stability by turbidity 

The stability of the dilute CNF dispersions (Paper III) was observed using a turbidity 
analyser Turbiscan LAB (Formulaction SA, L’Union, France) by measuring trans-
mission and backscattering. CNF dispersions (0.05 wt%) with varying electrolyte 
concentrations (0.1 M, 0.01 M and 0.001 M NaCl) were prepared using homogenizer 
(Heidolph, SilentCrusher M, Type 18 F/M, Germany) during 1 min at 12000 rpm. 
The dispersions were analysed, using a scanning mode, in a cylindrical glass cell, 
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where the optical reading head scanned the length of the sample cell from bottom 
up to 55mm, acquiring transmission and backscattering data every 40 μm (Figure 
10). Scanning was performed every 5 minutes for 2 hours and the transmitted and 
backscattering data was plotted as curves.  

 

Figure 10 Schematic presentation of turbidity measurement. 

3.3.6 Physical performance  

3.3.6.1 Tensile testing of 1D fibre yarns 

The mechanical properties of fibre yarns in Paper I were tested using C-Impact fast 
strain rate tensile tester (assembled at VTT). The span length of the sample was 50 
mm and the strain rate was 1 mm/s (2 %/s). The accuracy of displacement and force 
measurements was better than 6 μm and 15 mN, respectively. 

Dry samples were stored at 23 °C in 50 % relative humidity for at least 24 h prior 
to tensile testing. In order to measure wet strength, fibre yarns were immersed in 
water for 24 h. Tenacity (cN/tex) values were calculated by dividing ultimate break-
ing force of the fibre yarns by the linear density (tex). The weight of the samples 
was measured at 50 % RH and 23 °C. 

3.3.6.2 The oxygen transmission rate of 2D films 

The oxygen transmission rate (OTR) through CNF films in Paper III was determined 
according to the standard ASTM F1927 using an Ox-Tran 2/20 oxygen transmission 
rate tester (Mocon, Modern Controls Inc., USA). The tests were carried out by var-
ying relative humidity between 0 % RH and 90 % RH using 100 % oxygen as test 
gas at 23 ºC. 
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3.3.6.3 Adhesion of 3D printed structures through peeling and washability 

The adhesion of printed structures to cellulose fabrics was investigated by utilizing 
a Lloyd universal material tester LS5 (Lloyd Instruments Ltd., UK) with a 100 N load 
cell. The system measures the tensile force as a function of material extension that 
correlates with the load needed to peel the printed structure from fabric (Figure 11). 
The preload of the experiment was 0.5 N (preload speed 1 mm/min) and the sepa-
ration speed was kept at a constant 5 mm/min. All measurements were carried out 
in standard conditions at 23 °C with 65 % humidity and samples were stored for 24 
hours in standard conditions prior to mechanical testing and three measurements 
were taken of each sample points.  

Printed structures for the peeling resistance measurements were prepared by 
printing half of the structure on fabric and the other half of the structure on a plastic 
tape in order to prevent the adhesion to the fabric and enable the peeling test. Two 
successive layers were printed. During testing, the other end of the structure was 
mounted between upper jaws of the material tester and the fabric between the lower 
jaws. The dimensions of the test strips were 10 mm × 40 mm and the adhered print 
on the fabric was 20 mm long.  

 
  

Figure 11 Schematic image of peeling test: printed structure and fabric are at-
tached between clamps and pulled apart at an angle of 180° 

 
The washability test was applied to investigate the durability of the printed structures 
on cellulose fabrics. The test was carried out using standard SFS-EN ISO 6330 
(Domestic washing and drying procedures for textile testing) with standard washing 
powder (IEC-A Reference Detergent 60456 without phosphate) at 40 °C water tem-
perature for 48 min. Two layer structures of dimensions 10 mm × 10 mm were 
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printed on fabrics. Five washing cycles were conducted and after each wash cycle, 
the printed structures were dried on a flat surface in air and examined visually with 
both the naked eye and a microscope.  

3.3.6.4 Capillary viscometry  

A capillary viscometer was used to determine viscosity average molecular weights 
of the untreated pulp sample and pulp sample after ChCl/urea in Paper I according 
to ISO 5351 (2004). Prior to measurement, samples were washed and filtered using 
distilled water and dried in a vacuum at 40 °C.  

3.3.6.5 Dynamic gravimetric water vapour sorption 

A dynamic gravimetric water vapour sorption instrument (DVS, Surface Measure-
ment Systems, UK) was used for the freeze-dried CNF powders in Paper III to de-
termine water vapour sorption isotherms with different xylan content at 20 °C. The 
samples were measured in different RHs and the change in mass measured and 
the results were plotted as a curve.  
 

3.3.7 Manufacturing methods for cellulosic materials 

3.3.7.1 1D: Fibre yarn spinning 

Preparation of dopes for fibre yarn extrusion was done by dispersing pulp in 
ChCl/urea overnight at 100 °C with stirring. Subsequently, the dispersions were 
cooled down to room temperature and mixed in a SpeedMixer (FlackTek Inc., UK) 
in a vacuum at 800 rpm for 2 min and then at 1500 rpm for 8 min. Variable amounts 
of PAA (0 %, 5 %, 10 %, and 25 %) were added to the suspensions (4.5 wt%) and 
mixed with the SpeedMixer. Dry-wet fibre spinning was conducted via extrusion into 
ethanol with a small air gap (Figure 12). The system used was a laboratory-scale 
device that was assembled at VTT. During extrusion a constant speed (~1.4 ml/min) 
and a 5 ml syringe with a tapered tip with a nozzle diameter of 0.63 mm were used. 
DES was removed from the fibre yarns by soaking them in ethanol for at least 10 
min and the fibre yarns were dried in ambient conditions. In order to improve 
strength properties, the fibre yarns were dipped in MilliQ water for 5 s and placed in 
an oven at 140 °C for 30 min.  
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Figure 12 Schematic representation of the fibre yarn spinning system 

3.3.7.2 2D: Film formation by solvent casting 

2D films were prepared using solvent casting in Paper III. Due to the exceptional 
film forming ability of CNF, the preparation of 2D CNF films with variable xylan con-
tents in Paper III was done using the solvent casting method and 0.4 wt% CNF 
dispersions. The dispersion was poured on a plastic petri dish and allowed to dry at 
room temperature for several days. As a result, films of ~30 m thickness were ob-
tained (Figure 13). 
 

 

Figure 13 Solvent casting of CNF film before (left) and after (right) drying 

3.3.7.3 3D printing and prototyping 

In Paper IV, the modification of fabric surfaces was conducted using a commercial 
direct-write 3D printer (3Dn-300, nScrypt Inc., USA). The 3D printer system used 
was based on an extrusion technique for paste-like materials with suitable viscosity 
range between 1-1,000,000 cps. The system utilizes a simple syringe pump system 
with disposable 2.5 ml syringes and tapered tips. The nozzle size of the tip used 
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was 0.84 mm (Nordson EFD, USA). The printing speed used for materials was 5 
mm/s and printing pressure for CA was 41.5 psi and for APC 20.5 psi due to its 
lower viscosity. Fabrics were attached on plastic films using adhesive tape during 
printing and drying. 
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4. Results and discussion 

The main results of this thesis are summarized in the following section, which has 
been divided into three parts depending on the dimensional level of the application 
made using cellulosic materials as building blocks (see Figure 1). In the first part, 
pulp fibres were used as building blocks for a novel fibre yarn application. The de-
velopment, the properties and the interactions between the chosen solvent are dis-
cussed (Paper I-II). In the second part, the crucial aspects of stability induced by 
cellulose nanofibrils in the making of cellulose film were examined (Paper III). In the 
third part, polymeric cellulose was used as a building block for 3D printing. In this 
part, a novel concept of modifying and functionalizing cellulose-based textiles is 
presented (Paper IV). More detailed results and analysis are provided in the at-
tached Papers I-IV. 

4.1 Pulp as a building block for 1D cellulose fibre yarn  

Due to the challenge presented by the short fibre lengths that prevents traditional 
yarn spinning, a new type of cellulose fibre yarn manufacturing process was devel-
oped. The process does not use harsh chemicals and the end result would with-
stand water. This new 1D cellulosic material could be suitable in textile applications, 
bio-composites, and in decorative items. 

4.1.1 Utilizing DES in fibre yarn manufacturing  

The utilization of deep eutectic solvent (DES) composed of choline chloride and 
urea for fibre yarn formation was investigated in Paper I. Furthermore, the effect of 
DES on cellulose was studied in detail in Paper II in order to determine the influence 
of DES on pulp fibre chemical composition and morphology, and consequently, to 
improve the process and the end product.  
 

 

 

Figure 14 Schematic image of the pulp fibre yarn manufacturing process 
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DES is a mixture of two or more components that combined have a decreased melt-
ing point. The first publications related to this subject were by Abbott et al. (2003), 
by mixing choline chloride and urea with heating and stirring. In this mixture choline 
chloride acts as hydrogen bond acceptor and urea as hydrogen bond donor. ChCl 
(also known as 2-hydroxyethyltrimethyl ammonium chloride or vitamin B4) is a 
cheap and biodegradable salt that is, in general, considered as “green” (Nockemann 
et al. 2007; Radoševi  et al. 2015). Although, its benignity or low toxicity is still the 
subject of debate (Nockemann et al. 2007; Radoševi  et al. 2015; Wen et al. 2015), 
it has been approved to be used as a feed additive in all animal species by the 
European Food Safety Authority (EFSA FEEDAP Panel 2011). DES composed of 
choline chloride and urea (also known as reline) is readily biodegradable and a non-
toxic material (less toxic that ChCl itself to some organisms) (Wen et al. 2015). It 
has similar physicochemical properties to ionic liquids, but negligible ability to dis-
solve cellulose. It has been utilized in several cellulose applications, for example to 
induce nanofibrillation or introduce functional groups; however, the interaction 
mechanisms have been unknown (Abbott et al. 2006; Sirviö et al. 2015; Willberg-
Keyriläinen et al. 2017).  

Due to the versatility and distinct properties of DES, composed of choline chloride 
and urea, it was also tested for yarn production directly from pulp. As a result, it was 
discovered that this particular DES was suitable for the process due to its ability to 
disperse pulp fibres, form a spinnable gel and be removed using ethanol without 
breaking the fibre yarn structure. Prior to DES treatment pulp fibres were solvent 
exchanged to acetone to prevent hornification. A schematic image of the process is 
presented in Figure 14. Improved water stability and overall strength was achieved 
by heat initiated esterification by crosslinking fibres with PAA during drying at 140 
°C (Spoljaric et al. 2013). In order to determine the optimal pulp-PAA ratio, four 
samples with different ratios were made (Pulp-PAA 100 %:0 %, 95 %:5 %, 90 %:10 
% and 75 %:25 %). The amount of DES in the mixture remained constant at 96 wt%. 
The amount of PAA did not have an effect on the linear densities of the fibre yarns, 
which measured between 21 and 24 tex.  

4.1.2 From native cellulose I to 1D fibre yarn   

The morphology and mechanical properties of the 1D pulp fibre yarns were studied 
in Paper I by measuring the tenacity and analysing the SEM images. The SEM 
images (Figure 15) were taken to observe the fibre orientation in dry yarns. Parallel 
fibre orientation has a positive effect on the strength properties. According to the 
SEM images, most of the pulp fibres were well aligned along the fibre yarn axis, 
however, due to removal of DES prior to drying the fibre yarns were observed to be 
relatively porous. 
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Figure 15 SEM images of pulp fibre yarns 

Tenacity and the effect of PAA on the mechanical properties of fibre yarns were 
analysed using a mechanical tensile tester. Water stability could only be measured 
in fibre yarns with PAA, due to disintegration of the yarns without it during wetting. 
In pure pulp fibre yarns, the hydrogen bonds play the main role in keeping the fibres 
together and water is able to break those bonds between the fibres (Fernandes 
Diniz et al. 2004).  

It was observed (Figure 16) that the maximum tenacity was reached when the 
Pulp-PAA ratio was 90 % of pulp and 10 % of PAA. The best wet reinforcement was 
also attained in fibre yarns when the amount of PAA was 10 % or more, however, 
in dry yarns the tenacity decreased when PAA content was over 10 %. The same 
effect was seen in fracture strain results, which could be an indication of PAA hin-
dering the bonding. The wet strength values of the pulp fibre yarns with PAA were 
roughly 1/3 of the dry strength values, which indicates that, in addition to crosslink-
ing by PAA, hydrogen bonding between fibres also played an important role in dry 
state. The maximum value attained with 10 % of PAA was around 9 cN/tex. As a 
reference, the tenacities of cotton and viscose measured were 16.2 cN/tex and 15 
cN/tex, respectively.  
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Figure 16 Average and measured maximum tenacity values (left) and fracture 
strain (right) in variable PAA concentrations. 

Porosity and defects affected the mechanical strength values of the fibre yarns neg-
atively, which can be observed from the long error bars. Porosity decreases the 
fibre-fibre contact area, which is crucial for strength (Lindström et al. 2005). Simple 
twisting, plying, cabling (Häyrinen 1973) or improving the interfibre bonding by using 
more fibrillated fibres could improve the mechanical properties.  
 

4.1.3 Effect of DES treatment on the morphology of pulp 

In order to study the effects of DES on pulp, the morphological, structural and chem-
ical changes were studied using complementary spectroscopic and microscopic 
tools. The changes can occur in the fibre surface or in the bulk, therefore both anal-
ysis methods were used. Additionally, chemical composition was analysed before 
and after DES treatment. Even though DES composed of choline chloride and urea 
is considered a relatively mild treatment on fibres, even the smallest changes in 
surface chemistry or the presence of solvent residuals could be important for the 
material properties or the future utilization of the process.  
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Figure 17 Schematic image of the process and the samples in order to study the 
changes of the DES treatment. 

 
For the experiments the process for fibre yarn manufacturing was used, excluding 
the PAA addition, and five pulp samples were taken from different stages of the 
process. However, it was observed that the washing procedure used was not suffi-
cient to remove DES and consequently an additional washing step was added. 
Moreover, a reference sample was added to demonstrate the effects of the process 
without the DES treatment. Samples were dried prior to analysis. A schematic im-
age of the studied samples and the treatment process is presented in Figure 17. 

Changes in pulp morphology were assessed visually using SEM imaging and 
AFM and by calculating the degree of polymerisation. In the SEM images (Figure 
18), the morphological changes were looked for, however, in heterogeneous sys-
tems, such as natural fibres, visual assessment is often cumbersome. Hence, it is 
difficult to make reliable conclusions. Through careful inspection, a minor increase 
in fibrillation during the processing could be observed. However, it should be noted 
that the drying of the fibres also plays a role, which can cause increased fibrillation 
and cracking (Suchy et al. 2009).  

AFM was used for a more detailed surface examination in order to compare the 
surface morphology of DES treated samples to cellulose samples after merceriza-
tion to determine if DES has any dissolution ability on the fibre. Merceration using 
NaOH causes the formation of an irregular layer on the fibre surface and removes 
fibrillary structures (Eronen et al. 2009). However, no change in the morphology of 
the fibres was found after DES treatments (Paper III). Therefore, it cannot be said 
that DES treatment would induce physical changes in fibre surfaces. Similar findings 
have been reported by Sirviö et al. (2015).  
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Figure 18 SEM micrographs with magnifications of ×100, ×500 and ×5000 for 
bleached pine pulp samples when exposed to different treatment stages. 

4.1.4 Effect of DES treatment on the chemical composition of pulp 

The chemical composition of the pulp samples was analysed in order to determine 
the dissolution of any component of the fibre or external chemicals.  

Even though the cellulose structure remained intact, dissolution of hemicelluloses 
might have occurred. Therefore, the hemicelluloses were studied by analysing the 
monosaccharide contents (Table 2). In the case of dissolution by DES, the analysis 
would show a significant change in monosaccharides, however, the changes ob-
served here were negligible or very small and fall below the measuring accuracy of 
the method, which varies within 6-8 %. Furthermore, if a considerable amount of 
hemicelluloses had dissolved, this should also have been seen as decrease in the 
degree of polymerisation (DP), approximated from the intrinsic viscosity measure-
ment (da Silva Perez and van Heiningen 2002, ISO 5351 2004). However, only a 
minor decrease was detected from 1226 (± 0.5 %) to 1194 (± 0.8 %), which could 
have been induced by stirring.  

The hypothesis of hemicellulose dissolution was based on the observations of 
Sirviö et al. (2015) who utilized DES as a pre-treatment for nanofibrillation. Since 
nanofibrillation was reported to improve due to DES treatment (Sirviö et al. 2015; 
Suopajärvi et al. 2017), significant dissolution of hemicelluloses is not probable as 
that would hinder the fibrillation process (Hauru et al. 2013; Iwamoto et al. 2008).  
But since minor changes were observed regarding xylose, mannose and arabinose, 
dissolution of those monosaccharides cannot be completely excluded.  
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Table 2 Neutral sugars of pulp samples 

  Monosaccharides (mg/100 mg) 

Rhamnose Arabinose Galactose Glucose Xylose Mannose 

1. Pulp <0.1 ± 0.00 0.63 ± 0.03 0.22 ± 0.01 85.07 ± 0.73 7.5 ± 0.12 6.23 ± 0.15 

2. Acetone <0.1 ± 0.00 0.63 ± 0.02 0.22 ± 0.01 83.68 ± 0.41 7.4 ± 0.13 6.21 ± 0.12 

3. Ethanol refer-
ence <0.1 ± 0.00 0.63 ± 0.02 0.22 ± 0.01 85.28 ± 0.91 7.47 ± 0.07 6.28 ± 0.09 

4. DES pulp <0.1 ± 0.00 0.54 ± 0.04 0.20 ± 0.01 83.19 ± 0.11 6.96 ± 0.12 5.86 ± 0.13 

 
Since cellulose and hemicelluloses are composed of only carbon, hydrogen and 
oxygen. All other elements found in the pulp fibre samples are from external 
sources. Therefore, elemental analysis is a good method of determining if any 
chemical reactions with external materials have occurred by analysing the changes 
in chemical composition.  

In the studied pulp samples, small amounts of nitrogen (N) could be detected in 
the DES treated samples. Nitrogen content varied, depending on the batch, from 
0.46 % to 1.59 %, indicating residuals due to an inadequate washing step instead 
of a chemical reaction. Therefore, an additional washing procedure was introduced 
(extraction for 4 hours in boiling ethanol) to study how strongly nitrogen was at-
tached to cellulose. As a result, a significant decrease in the nitrogen content was 
observed (to 0.16 %), but it could not be removed completely.  

Since both choline chloride and urea contain nitrogen the samples were further 
examined with spectroscopic tools in order to determine the origin of the nitrogen. 

 

4.1.5 Changes in structural characteristics of pulp by spectroscopy 

Spectroscopic tools can be used as complementary methods to study both the sur-
face of the material as well as the bulk. XPS can detect chemical composition on 
the surface whereas NMR and Raman can be used to study the bulk of the material.    

Two pulp samples were used to study the changes in the fibre surfaces due to 
DES treatment: 1. Pulp, as a reference without any treatment, and 4. DES Pulp. 
Moreover, a sample of pure cellulose (XPS reference sample) (Johansson and 
Campbell 2004), was used as a reference. XPS spectra of the samples with high 
resolution carbon and zoom-up at 460-300 eV are presented in Figure 19. Both of 
the samples were found to be very similar to the reference sample with the typical 
cellulose C 1s signature consisting of carbons with one or two bonds to oxygen at 
286.7 eV and 288.1 eV (Beamson and Briggs 1993). That indicates that the samples 
were not contaminated or that the DES treatment did not chemically alter cellulose. 
However, a barely detectable peak for nitrogen N 1s can be observed at 400 eV. In 
order to determine its origin, further examination was conducted for the region of a 
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possible chloride peak (Cl 2p at 199 eV). Even though the signal was below quan-
tification limit, small traces could be observed from 4. DES pulp sample, which indi-
cated that the traces originated from choline chloride. 
 

 

Figure 19 Typical low resolution wide spectra of in situ XPS reference for cellu-
lose, 1. Pulp sample and 4. DES pulp samples showing signals due to emission of 
O 1s, N 1s and C 1s. Insets present the magnification of N 1s region and the C 1s 

HiRes regions.

In order to confirm the origin of the nitrogen, spectra of both materials, urea and 
choline chloride, were measured using liquid state NMR. The signal for urea was 
located at 161.1 ppm and resonances for ChCl were determined in signals corre-
sponding to HO-CH2-CH2-N- (67.2 ppm), HO-CH2- (55.2 ppm), and -CH2-N-(CH3)3 
(53.5 ppm) moieties, which were comparable to previously published values 
(Ardenkjaer-Larsen et al. 2003; Lobo et al. 2012). 

Solid state NMR was used to determine the chemical composition of pulp sam-
ples (Figure 20). Sample 1. Pulp was used as a reference and sample 4. DES pulp 
as the treated sample. Two additional signals were identified in the latter spectra, 
which were comparable to the choline chloride moieties. Additional signals in the 
urea region were not detected, which confirmed the origin as choline chloride. Ra-
man spectroscopy was employed to further analyse the bonding mechanism to cel-
lulose. 
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Figure 20 Typical solid state NMR spectra of 1. Pulp (reference) and 4. DES 

pulp (after mild washing) samples. 
 
In addition to spectra of choline chloride and urea (Figure 21), all the pulp samples 
were used to study the changes in pulp samples using Raman spectroscopy. Ra-
man bands emanating from the vibrational modes of atoms in cellulose chains are 
sensitive to the orientation of the fibres with respect to the polarisation configuration 
of the laser light (Lewandowska et al. 2015; Wiley and Atalla 1987). Here, the Ra-
man spectra illustrate the changes in the intensity of the Raman bands as a function 
of the orientation of the fibres (parallel and perpendicular) to the polarisation config-
uration of the laser light. Samples without DES treatment are presented in Figure 
22 where typical Raman spectra of cellulose could be observed (Wiley and Atalla 
1987).  

There were no differences between these samples, which supports the previous 
finding that no structural changes occurred during solvent exchange or the washing 
steps. Four bands for choline chloride were located. The strongest was at ~719 cm-

1, which was assigned to the “totally” symmetric stretching vibration of four C-N 
bonds ( 1) and less strong bands at ~865 cm-1, ~954 cm-1 (medium) and at ~768 
cm-1 (weak) (Akutsu 1981).  

The strongest urea band was located at ~1010 cm-1 (assigned to the symmetric 
stretching vibration of the C-N bonds) (Keuleers et al. 1999). In 4. DES pulp sample 
an additional band can be observed at ~715 cm-1, which matches the strongest 
choline band. This also suggests that there is no chemical reaction between the -
OH groups of cellulose and DES components.  
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Furthermore, a higher intensity is shown when the fibre is oriented perpendicu-
larly, which suggests that the positively charged choline groups are electrostatically 
interacting with the anionic groups of cellulose and their +N-C-C-O backbones ‘poke 
out’ from the cellulose chain perpendicularly. The effect of the residuals on the 
charge was examined using methylene blue adsorption and UV-VIS spectroscopy. 
 

 

 

Figure 21 Typical Raman spectra of choline chloride and urea 

 

 
Figure 22 Typical Raman spectra of a) ChCl and samples 

b) 1. Pulp, c) 2. Acetone, d) 3. Ethanol reference and e) 4. DES pulp measured in 
parallel and perpendicular orientation of the fibres to the polarisation configuration 

of the laser light. 
 
According to the methylene blue adsorption experiment and UV-VIS spectroscopy 
the positively charged choline groups decreased the charge, as significantly more 
methylene blue was adsorbed into the reference pulp (3.) compared to DES treated 
pulp (4.). Extensive washing is required to remove the residuals, which also partially 
restores the charge (Figure 23). In theory, complete removal of solvent residues 
should restore the original charge, however, this was not observed. Low charge of 
pulp fibres has been observed to have a negative effect on the interfibre bonding 
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and therefore also decrease the mechanical strength of the fibre yarns (Rohm et al. 
2014; Zhao et al. 2016). By increasing the charge, attractive Coulomb interaction 
between the fibre surfaces could enhance the strength of the bond. Therefore a 
complete removal of DES would be preferred in order to utilize the material in tex-
tiles and composites. 
 

 

Figure 23 Typical absorption spectra for methylene blue solution supernatant solu-
tion after fibre adsorption to 3. Ethanol reference pulp, 4. DES pulp and 5. Ex-

tracted DES pulp samples. (Two parallel measurements) 

4.1.6 Recyclability of DES in the process 

Recyclability of the process chemicals in DES fibre yarn production would not only 
decrease the environmental impact of the process, but make the process econom-
ically more attractive. The recycling possibility of DES was also examined in Paper
I by evaporating the ethanol used for removal of DES after spinning and comparing 
what was recovered with fresh DES using FTIR (Figure 24). No changes in the 
spectra were observed, which indicates that the recovered DES was chemically 
identical to the freshly prepared DES. These observations support the previous 
studies of successful recycling of DES composed ChCl and urea (Azizi and 
Gholibeglo 2012; Lobo et al. 2012; Singh et al. 2011).  
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Figure 24 FTIR spectra of recovered and fresh DES 

 

4.2 2D films from CNF 

4.2.1 Effects of decreasing xylan content on the pulp 

Paper III discussed the effect of xylan on the behaviour of nanofibrillated birch kraft 
pulp cellulose and investigated the influence of CNF xylan content on fibril morphol-
ogy, charge and stability as well as on film formation ability. A schematic image of 
the study is presented in Figure 25.  
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Figure 25 Schematic representation of the study linking 2D film properties to the 
molecular level stability and water interactions 

 
For the study, four bleached birch pulp samples were modified by enzymatic hydrol-
ysis using purified Trichoderma reesei xylanase II. This method has been previously 
presented by Rauvanto et al. (2006). The pulps and their carbohydrate composi-
tions, with four levels of glucuronoxylan as monosaccharides and acidic oligomers, 
are presented in Table 3. Additionally, the anionic charge of the samples was de-
termined using conductometric titration according to the standard SCAN CM 65:02 
(Table 3). The charge decreased correspondingly as a function of the xylan content, 
which supports the previous research regarding the effect of charged hemicellulose 
on fibril surfaces affecting the charge of CNF (Fall et al. 2011)  
 

Table 3 Carbohydrate composition and charge of the pulps used for production of 
nanocellulose samples 

Pulp sample Neutral sugars and acidic oligomers, mg/100 mg Anionic 
charge,

mmol/kg 
 Glucose Xylose Methyl glucu-

ronic acid 
HexA oli-
gomers 

High xylan  73.0 23.0 0.154 0.086 39 
Medium xylan 1 79.1 21.0 0.126 0.064 19 
Medium xylan 2 80.7 16.8 0.092 0.041 15 
Low xylan 88.5 13.3 0.078 0.020 13 

 
The pH and conductivity of the suspension remained constant, which means all the 
investigated changes in the stability, film formation ability and water adsorption 
properties are related to changes in xylan content. The prepared pulps were then 
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further fibrillated until the comparable fibril dimensions were achieved. As a result 
four gel like CNF samples were attained with solid contents of ~1.8 %. These CNFs 
were then diluted into dispersions in order to study the effect of xylan in dispersion 
stability. 

4.2.2 Stability of dispersion 

Since films are made using a solvent casting method, to understand the stability 
and the properties of the films the dispersion stability requires assessment. For this, 
the high xylan content sample (23 wt% of xylan) and low xylan content sample (13.3 
wt% of xylan) were diluted into 0.05 wt% in order to clarify the interactions within 
the individual nanofibres and the effect on the stability without the contribution of 
the CNF network.  

The measurements were done using Turbiscan and the results are presented in  
Figure 26. In order to analyse the Turbiscan measurements, the higher and less 
noisy the transmission curve is the more stable is the CNF dispersion. Variations 
along the curve indicate disturbance in stability, in this case, either agglomeration 
or sedimentation. Measurements were done from bottom to top. In Figure 26 clear 
differences in stabilities can be observed after 20 minutes of measurement. Dilute 
dispersion with high xylan content CNF is highly stable, whereas, in the sample with 
low xylan content the dispersions have flocculated and larger agglomerates are set-
tling.  

 

Figure 26 Transmission profiles of dilute dispersions of high and low xylan CNF 
samples. Measuring is conducted from bottom to top t= 20 min. 
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Figure 27 Transmission profiles of high xylan content CNF and low xylan content 
CNF. t = 2h

To further study the mechanisms contributing to stability, variable electrolyte (NaCl) 
concentrations (0 M, 0.001 M, 0.01 M and 0.1 M) were added to the dispersions. 
Results after 2 hours are shown in Figure 27, where despite increasing ionic 
strength disturbing the system, dispersion with high xylan content remains stable. A 
minor increase in noise and decrease in general transmission level can be ob-
served, but salt addition did not lead to sedimentation. However, with low xylan con-
tent the system is unstable even without the salt addition. 

The results indicate that even though the electric double layer forces are some-
what disturbed by increasing electrolyte concentration with high xylan content sam-
ples, the steric forces dominate due to the xylan located in fibril surfaces. Mobile 
polymeric chains, such as xylan on fibril surfaces, can stabilize the system through 
electrosteric interactions (Nigmatullin et al. 2004). Moreover, the effect of electrolyte 
concentration on xylan behaviour has previously been shown to be rather weak 
(Tammelin et al. 2009), even though it was been observed to affect the xylan con-
formation by contracting in high ionic strength (Österberg et al. 2001). This could be 
expected to affect the steric repulsion by lowering it, however, due to the relatively 
high amount of xylan on the fibril surfaces (although in compact conformation), dom-
inating steric forces are introduced to the system preventing agglomeration and sed-
imentation. A similar tendency was later reported by Tanaka et al. (2016) 

In the low xylan sample, the charge of CNF with low xylan content is lower and 
therefore the electrostatic repulsion is also weaker and the system agglomerates. A 
clear interface between supernatant and the agglomerating suspension was ob-
served during agglomeration and the rate of settling decreased over time. It is 
known that CNF forms an entangled and gel-like network already in low concentra-
tions (Pääkko et al. 2007), when this concentration is achieved the settling of unsta-
ble dispersion is hindered. This hindered settling (Holdich 2002) can be observed 
in Figure 28 after ~40 minutes. Since the removal of xylan had such a severe effect 
on dispersion stability, its effect on film formation and interaction with water was 
further studied using both nanoscaled model and macroscale films.  
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Figure 28 Transmission profiles of low xylan content CNF during two hour meas-
urement 

4.2.2.1 Nanoscale CNF films  

Films in two different scales (nanoscale and macroscale) were studied to gain better 
understanding of the factors affecting the film formation and its properties. Due to 
the high amount of hygroscopic hydroxyl groups of CNF as well as the carboxylic 
groups of xylan on the fibril surfaces the change in xylan content would presumably 
influence the water interactions of the CNF (Fall et al. 2011). Therefore water inter-
actions were studied using surface sensitive QCM-D (nanoscale) and with dynamic 
vapour sorption (macroscale). 

Thin films of nanocellulose with variable xylan content were deposited on silicon 
coated quartz crystal using spin coating. Several layers were spun in order to 
achieve areal mass of 11-15 mg/m2. It was observed that films with low xylan con-
tent required more layers, which could indicate lower dispersion stability.  

The films were analysed using QCM-D equipped with a humidity module, which 
gives essential information on the material behaviour in the presence of water at 
molecular level and on the surface. The changes in frequency and dissipation were 
monitored while the humidity was increased in the chamber.  

In Figure 29, the samples with the highest (~23 wt%) and lowest (~13 wt%) xylan 
contents were compared and the changes in frequency and dissipation were moni-
tored while gradually increasing the relative humidity from RH 11 % to RH 97 %. At 
first both thin film samples had a very similar response to the humidity change, how-
ever minor differences in dissipation took place when the humidity level reaches RH 
97 %. Changes in dissipation indicate altered layer properties, which in this case 
could originate from swelling of the fibres. However, since the films are rather thin 



 

56 

(areal mass ~ 15 mg/m2), the attained response for changes in moisture content is 
due to the behaviour of individual fibrils instead of a response of evenly distributed 
fibrillar network. In thicker layers (~170 mg/m2) the dissipation change has been 
shown to be higher (up to 4.5×10-6) caused by softening of the layer (Tammelin and 
Vartiainen 2014). Since both CNF layers with different xylan contents showed a 
similar response to the changes in RH, swelling of xylan was not observed (Uetani 
and Yano 2012).  

An additional observation made for the water vapour uptake measurement for 
thin films was that a full stabilization of the sample in QCM-D chamber requires an 
overnight in relative humidity of 11 % prior to the measurement, despite storing in a 
desiccator. After approximately 13 hours in RH 11 %, the frequency curves levelled 
off and reached equilibrium.  

Water vapour uptake is summarized in Figure 30, where bound water by milli-
grams of CNF was calculated using the Sauerbrey equation from data collected 
from the 3rd overtone. A thin film with high xylan content appears to be able to uptake 
more water molecules compared to a thin film with low xylan content. However the 
differences are relatively minor and could be considered significant only when sur-
face behaviour is dictating the material performance. 

 
 

 

Figure 29 Water vapour uptake monitored using QCM-D equipped with the humidity 
module. Change in frequency (left) and dissipation (right) as a function of time for 
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high xylan CNF (areal mass of 11 mg/m2) (top) and low xylan CNF (areal mass 14.5 
mg/m2) (bottom) at different levels of humidity. (f0 = 5 MHz, n = 1, 3, 5, 7, 9, 11)

 

Figure 30 Water vapour uptake data in milligrams of water bound by milligrams of 
CNF using Sauerbrey equation (3rd overtone). 

4.2.3 Macroscale effects in bulk on film properties and barrier 
performance due to changes in xylan content 

In order to study the water vapour uptake behaviour and film properties in mac-
roscale (bulk), dynamic vapour sorption (DVS) and oxygen transmission rate (OTR) 
were measured in increasing relative humidity.  

During film formation (Figure 31), it was observed that the transparency and vis-
ual properties of the drying samples varied depending on the xylan content. Clear 
flocculation could be seen in a low xylan sample. However, the flocculation tendency 
did not cause clear differences between samples in DVS and OTR tests. The meas-
ured DVS curve (Figure 32a) represents the shape of typical hydrophilic material 
and no significant differences between samples with different xylan contents could 
be observed. Similar behaviour has also been seen in previous studies (Arola et al. 
2013; Belbekhouche et al. 2011). The measured OTR values in Figure 32b show 
no trend of decreased oxygen barrier properties in measured relative humidity. In 
addition, the values are close to the trendline of previous measurements of unmod-
ified birch kraft pulp measurements. Solvent cast CNF films are even and dense 
enough to maintain the oxygen transmission properties at all xylan content levels. 

Therefore, from the study in Paper III, the conclusion can be made that the effect 
of xylan needs to be taken into account where molecular level stability is concerned 
since is acts as electrosteric stabilizer. In addition, xylan might have a small effect 
on the water uptake properties. However, these effects diminish in bulk. Xylan de-
creases the flocculation tendency and improves transparency, but the water adsorp-
tion and barrier properties of the CNF film remain intact despite the removal of xylan. 
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Figure 31 Film formation during drying with high xylan sample (~23 % xylan) and 
low xylan sample (~11 % xylan). 

 

Figure 32 a) Dynamic vapour sorption and b) oxygen transmission rate as a func-
tion of relative humidity measured from the samples with variable xylan content. 
Trendline of oxygen barrier behaviour of unmodified birch kraft pulp CNF as a 

comparison. 

4.3 Cellulose based polymers as building blocks for 3D 
printable structures  

 
In Paper IV, the potential of utilizing 3D printable cellulosic materials for surface 
tailoring and functionalizing cellulosic fabrics was studied. Combining 3D printable 
cellulose based materials with cellulose fabrics also enables the development of all-
cellulose garments. A schematic image of the process is presented in Figure 33. 
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Figure 33 Schematic image of textile modification using cellulose derivatives and 
3D printing. 

 
To study the interaction and adhesion properties of two cellulose derivatives, cellu-
lose acetate (CA) and acetoxypropyl cellulose (APC) on cellulose, the adsorption 
was studied first at molecular level using surface sensitive QCM-D and after printing 
on cellulosic fabrics, cotton and viscose, the adhesion was examined using peeling 
and washing tests. Both woven and knitted cotton textile fabrics were chosen in 
order to determine the effect of the structure of fabric on adhesion. 

3D printing of the materials was conducted using a commercial direct-write 3D 
printer, CA dissolved in acetic acid (concentration 30 wt%) and APC dissolved in 
acetone (concentration 80 wt%). Even though both materials are soluble in acetone 
and acetic acid, different solvents were used due to their evaporation rates. The fast 
evaporation rate of acetone was too rapid for CA, which resulted in poor processa-
bility and clogging of the nozzle during extrusion, thus acetic acid was used. Com-
pared to CA, APC was a less viscose material and solvent evaporated very slowly 
therefore acetone was used as a solvent. In general, high solids content and high 
viscosity were considered as desired qualities in direct-write printing on textiles, due 
to their lower shrinkage and good 3D formation. However, too high a viscosity leads 
to problems in extrusion and adhesion and therefore an optimization between print-
ability, shrinkage, and adhesion properties is required for the desired result. 

4.3.1 Adsorption by QCM-D 

The interactions and adsorption of the materials on pure cellulose model films were 
studied in Paper IV using QCM-D. Adsorbed mass and adsorption rate were ob-
served by monitoring changes in frequency and dissipation as a function of time 
while pumping dilute (0.5 mg ml-1) CA and APC dispersions through a spin coated 
cellulose model film. The change in frequency and the change in dissipation as a 
function of time are presented in Figure 34a-b from which the compatibility and 
strength of interaction can be qualitatively studied.  

The cellulose surface was first allowed to stabilize in acetone for approximately 
10 minutes. Pure acetone was subsequently replaced by a dilute dispersion of either 
CA or APC in acetone and adsorption was monitored for 60 minutes, followed by 
washing step with pure acetone. Both cellulose derivatives induced a clear negative 
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change in frequency and a positive change in dissipation (in Figure 34a-b). However 
the change in CA was faster and more pronounced compared to that in APC. CA 
adsorbs on cellulose yielding a frequency and dissipation change of -39 Hz and 6.5 
× 10-6, respectively. A similar adsorption rate could be observed with water vapour 
on hygroscopic CNF films (Tammelin et al. 2015). Whereas with APC the change 
was -10 Hz and 3 × 10-6. Moreover, equilibrium was not completely reached after 
60 minutes with APC.  

According to the results, both cellulose derivatives possess a positive attraction 
towards cellulose, though the affinity of APC was clearly lower due to the lower 
adsorption rate and amount. The rinsing step with pure acetone did not significantly 
affect the adsorbed layer of either of the derivatives, which indicates either removal 
of a negligible amount of material or reorganization of the adlayer conformation ra-
ther than remarkable desorption (Kargl et al. 2012). This denotes relatively strong 
attachment of both of the derivatives on the cellulose surface. 

Acetone had not been used previously in literature as a solvent for adsorption 
experiments by QCM-D. However, the data was comparable to the adsorption data 
conducted in water when chitosan or carboxymethyl cellulose (CMC) were used as 
adsorbed polymers (Myllytie et al. 2009; Orelma et al. 2012), indicating that acetone 
works rather well as medium. 

The viscoelastic properties of the adsorbed CA and APC layers can be compared 
by plotting the change in dissipation versus change in frequency. The steeper the 
curve, the more dissipative the layer is and the more energy is bound per unit 
(Tammelin et al. 2006). D/ f ratios are presented in Figure 34c, where both deriv-
atives display a similar curve suggesting that they both possess similar viscoelastic 
properties and the structural changes do not have significant influence on the phys-
ical properties of a wet layer. To acquire more information about the adhesion prop-
erties at macroscopic scale, mechanical testing after printing was conducted via 
peeling and washability tests. 
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Figure 34 a) The change in the frequency and b) dissipation on the adsorption of 
dilute CA and APC dispersions on pure cellulose surfaces followed by rinsing with 
acetone. c) Change in dissipation factor as a function of the change in frequency 

for adsorption. f0 = 5 MHz, n = 5  

4.3.2 Adhesion by peeling and washability  

In addition to the affinity and compatibility of the materials, firm adhesion on fabrics 
requires materials to penetrate and spread on the yarn surfaces (Gustafsson 2012; 
Melnikova et al. 2014; Pei et al. 2015). The strength of adhesion was tested in Paper
IV using mechanical T-peel test and durability and washability using EN ISO 6330, 
which is a widely used standard to determine visible changes in the appearance of 
the textile after a number of washing cycles (Faulde et al. 2012; Ulbrich et al. 2014). 

In peeling tests the force required to peel the printed structure was measured 
from a 10 mm wide strip along the attached part of 20 mm using a separation speed 
of 5 mm/min. The results were converted to N/100 mm width for qualitative compar-
ison. The force-extension curves are presented in Figure 35. The first slope of the 
curve comprises the elongation of the fabric, which was much longer with a knitted 
structure. The curve for CA on viscose does not represent the peeling force but the 
strength of the viscose material since the fabric tore instead of peeling. The average 
peeling forces from 3 parallel measurements were calculated and are presented in 
Table 4.  

The results for CA on woven and knitted cotton were in a similar range, however, 
the better values on knitted cotton could be due to the more complex fabric structure 
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in the z-direction enabling more surface area for improved adhesion. For APC av-
erage peeling forces are considerably lower compared to CA and no significant dif-
ferences between materials were observed. 

Sanatgar et al (2017) observed average peeling forces of 40-120 N/100 mm and 
5-70 N/100 mm, respectively for FDM printed thermoplastic nylon and polylactic 
acid (PLA) on polyamide fabric. Due to the small differences in experiment setups, 
the qualitative comparison of the results indicated that the average values for CA 
could be considered excellent and for APC relatively poor. In addition, Pei et al. 
(2015) have studied FDM printable polymers (ABS and PLA) on fabrics where the 
best results regarding adhesion were attained when natural or natural blend fabrics 
were used. 

 

Figure 35 The peeling force as a function of machine extension for CA (upper) and 
the peeling force as a function of machine extension for APC (lower) *fabric tore 

instead of peeling. 
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Table 4 Average peeling force converted to N/100 mm width (speed 5mm/min) 
with standard deviations. 3 measurements. *fabric tore instead of peeling. 

Average peeling 

force (N/100 mm 

width) 

Woven cotton Knitted cotton 
Woven vis-

cose 

CA 
124.8 ± 2.0 193.0 ± 19.2 (90.8* ± 1.7) 

APC 12.2 ± 1.7 15.1 ± 10.0 15.0 ± 4.3 

 
Washability results supported the results of the peeling tests. The samples were 
washed 5 times using detergent. CA was somewhat detached from the corners dur-
ing the first wash, but remained attached during all 5 washing cycles without further 
changes and APC prints were detached and dissolved during the first cycle. The 
choice of fabric did not affect the result. HPC (MSHP ~4), which was used as a raw 
material for APC, is water soluble in cold water when MSHP >3 (Klemm et al. 1998). 
However, APC is insoluble in water, but amphiphilic, and hence might react with the 
detergent (Tseng et al. 1981). It could be speculated that by lowering the MSHp of 
HPC, the water solubility could be altered and that could also affect the sensitivity 
of APC. However, the adhesion properties of APC on cellulose would still require 
improvement in order to be utilized in consumer products.  

4.4 From materials to prototypes  

4.4.1 1D - Fibre yarn in applications  

The fibre yarns developed in Paper I have potential in various applications. Due to 
its strength properties it could be utilized, for example, in semi-permanent textile 
structures, nonwoven structures and all-cellulose composites.  

The prototypes made from fibre yarns were all-cellulose composite structures 
with CNF as the continuous phase and DES fibre yarns as the reinforcement. Addi-
tionally, a hand knitted water stable cloth was made (Figure 36) demonstrating the 
potential use also in consumer textiles. However, in order to enable machine knit-
ting, the strength properties would require improvement.  
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Figure 36 Knitted sample from pulp fibre yarn 

4.4.2 2D - CNF Films 

In Paper III the laboratory scale films were solvent cast, however, the development 
of CNF film production has currently proceeded to pilot scale (Vartiainen et al. 2013) 
(Figure 37). Due to the mechanical performance, sustainability, extreme smooth-
ness and optical properties and upscaled production methods of CNF films, a wide 
variety of applications have been developed. CNF films have been demonstrated 
as transparent (or translucent) and flexible substrates for organic electronics and 
diagnostics (Benítez et al. 2013; Hassinen et al. 2016), membranes for flexible bat-
teries (Fu et al. 2016) and for water purification (Hakalahti et al. 2016; Karim et al. 
2017; Mautner et al. 2015; Yang et al. 2014). Even though, the potential of CNF 
films has been already acknowledged in scientific literature for years, and a myriad 
of patents and applications have been developed, the technologies are yet to be 
commercialized. 
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Figure 37 Roll to roll CNF film at VTT’s SutCo pilot line (Kangas 2014) 

4.4.3 3D - Surface modification and functionalization of cellulosic fabrics 
using polymeric cellulose 

3D printing creates endless possibilities to functionalize and modify textiles. Textiles 
can be mass manufactured and post-customized by 3D printing according to the 
needs or applications. Wood based materials are from renewable sources, environ-
mentally safe and often also hypoallergenic (Duchemin et al. 2009; Li and Frey 
2010). In addition, cellulosic materials for the modifications on cellulosic textiles can 
simplify post-consumer recycling.  

In Paper IV iterative prototyping was used for the material explorations and ap-
plication development resulting in several porotypes. In iterative prototyping the 
qualities and capabilities of the materials are explored (Stappers 2006). The same 
printing method and cellulose derivatives (CA and APC) were used as in the exper-
iments reported in Paper V, to study the usability of the materials in textile modifi-
cation. In addition, utilization of cellulose dissolved in ionic liquid (IL), [emim]OAc 
was demonstrated.  

Two sets of prototypes were designed and made: functional and decorative. In 
functional prototypes, flexible and rigid structuring as well as refracting and ther-
moresponsive structuring were demonstrated. In decorative structuring printable 
smocking was created using regenerated cellulose from IL solution. In functional 
structuring the ability to attach active components was demonstrated. Refractive 
structuring is presented in Figure 38a in the form of printable reflectors. For the 
prototype, reflective glass beads were mixed with CA prior to printing and after sol-
vent evaporation the structure reflected light. The prototypes for flexible structuring 
in all-cellulose textiles (Figure 38b-c and Figure 38e-f) represented the application 
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potential to use 3D printable cellulosic materials in seams to replace stiches (Figure 
38b, e). For example in children’s clothes or sportswear, non-slip structuring (Figure 
38c) and padding for knees or elbows (Figure 38f) could be utilized. A prototype for 
rigid structuring (Figure 38d) controls the stretch of the fabric. A thermoresponsive 
tag (Figure 38g) was made by mixing thermochromic material with APC solution 
and the same materials were used in an indicator for embedded conductive wiring 
in clothing (Figure 38h). The colour changes when heat is produced by the re-
sistance of the current passing through. Cellulose also provides protection against 
direct skin contact. 
 
 

Figure 38 Functional prototypes developed were a) reflective beads mixed with CA 
to form reflective structures, b-c) soft printed structuring with coloured APC, d) CA 

on a controlled stretch structure, e-f) structures printed with pure and coloured 
APC, and g-h) thermoresponsive structures using APC (design: Pauliina Varis, 

photos: Eeva Suorlahti)  
 
For the decorative set of prototypes cellulose dissolved in ionic liquid was used. 3D 
printing of the cellulose dissolved in IL has been previously published by Markstedt 
et al. (2014) and IL has been used for partial dissolution of cotton fabric by Shibata 
et al. (2013). Therefore, the assumption was that IL with dissolved cellulose would 
adhere well to cellulosic fabrics. According to Shibata et al. (2013) it can chemically 
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entangle with the filament surfaces of the fabric via partial surface dissolution. Due 
to the relatively low cellulose concentration (10 wt%) the material shrunk after re-
generation during drying. This property enables the usage for novel textile design 
for smocking effects on fabrics as presented in Figure 39. 

 
 

 

Figure 39 Decorative surface modification (smocking) using cellulose dissolved in 
ionic liquid (design: Pauliina Varis and Ilona Damski, photos: Eeva Suorlahti)  

 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

68 

5. Concluding remarks 

This thesis provides a thorough investigation of the versatility and utilization of three 
cellulosic building blocks: pulp fibres, CNF and polymeric cellulose, in the develop-
ment of novel 1D-, 2D- and 3D-applications by exploiting the inherent properties of 
the materials. The work validates the use of complementary analytical methods to 
reveal the link between the surface interactions and the properties at a molecular 
level to the properties in macroscale applications.  

A novel method for producing 1D fibre yarns directly from softwood pulp was 
developed utilizing DES as a dispersion agent and fibre spinning medium. Further-
more, the effect of the DES on pulp fibres was determined. It was concluded that 
negatively charged cellulose fibres can electrostatically bind positively charged DES 
molecules. The residuals of choline chloride are difficult to remove and affect the 
charge of the fibre yarn, which could affect the usability of the material. The applica-
bility of the fibre yarn technology was demonstrated via knitted cloth and a compo-
site structure. However, in order to make the product commercially viable develop-
ment on the strength of the fibre yarn is required. 

The approach in the manufacture of 2D CNF film was to determine the effect of 
xylan on molecular level stability and water uptake ability and associate it with the 
properties of the final product. CNF films exhibit promising characteristics for use 
as high performance biofilms due to recent developments in CNF production and 
the upscaling of the film manufacturing process.  It was observed that xylan has an 
effect on molecular level stability and surface interactions, however, the effect di-
minished at macroscale, which encourages the removal and exploitation of xylan in 
other value-added applications without compromising the properties of large scale 
CNF films. 

All-cellulose garments and functionalized textiles were developed using 3D print-
ing. The variability of cellulosic derivatives was explored as adsorption and adhe-
sion of soft and rigid cellulosic materials to cellulosic fabrics were studied. Addition-
ally, several textile application prototypes were designed and demonstrated. The 
method has a high potential to be utilized in textile customization and functionaliza-
tion. However, prior to commercialization there are challenges to overcome in rela-
tion to the prices of the biopolymers as well as the production speed, which is cur-
rently restricting the broader use of 3D printing technologies. 

Overall, the findings in this thesis will provide new insight for the utilization of 
cellulosic building blocks in less conventional ways and offer an introduction for the 
development of new all-cellulose applications. The key to successful material de-
sign and development is a comprehensive understanding of the material properties 
and interactions both at a molecular level and in macroscale.
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