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Abstract 

 
Nanofibrillated cellulose (NFC) has become a material of interest, since it has unique 
surface, mechanical and optical properties, in addition, it is natural, biodegradable 
and biocompatible. However, aforementioned physical properties are application 
specific and the usage of NFC is limited in challenging applications such as in liquid 
environments, therefore, NFC films are usually modified to obtain custom-made films. 

In this thesis, the goal was to study the effect of the crosslinking mechanism in 
surface, optical and mechanical properties. Properties were modified by adding 
poly(vinyl acetate) (PVA) or PVA and glyoxal to TEMPO oxidized NFC (TOCN).  

The water contact angle increased notably when adding 20 % PVA compared to pure 
TOCN, while other amounts of PVA did not change the contact angle significantly. 
The addition of both PVA and glyoxal reduced the contact angle. The surface 
roughness decreased considerably when modifying the TOCN with PVA or PVA and 
glyoxal. 

The tensile strength increased notably and Young’s modulus increased slightly by 
adding 20 % PVA compared to pure TOCN, while the other amounts of PVA added 
did not cause significant change. The addition of glyoxal to the PVA modified TOCN 
increased the Young’s modulus markedly, while the tensile strength first increased 
and then decreased as more glyoxal was added.  

The transparency increased notably after modifying the TOCN and the ISO 
brightness decreased. The light transmittance for the samples ranged from 85 % to 
88 %. The light transmittance was increased in the PVA based films, while the 
addition of glyoxal did not change the light transmittance notably.  

Keywords Nanofibrillated cellulose, TEMPO oxidation, poly(vinyl acetate), glyoxal, 

tensile strength, Young’s modulus, surface roughness, opacity, ISO brightness, light 

transmittance 
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Sammandrag 

Nanofibrillerad cellulosa (NFC) har blivit ett mycket intresseväckande material på 
grund av dess unika ytliga, mekaniska och optiska egenskaper, dessutom är det ett 
naturligt, biologiskt nedbrytbart och biokompatibelt material. De ovannämnda fysiska 
egenskaperna är applikationsspecifika och användningen av NFC är begränsad i 
utmanande applikationer, såsom i fuktiga miljöer. NFC filmer är oftast modifierade så 
att man kan få filmer med skräddarsydda egenskaper.  

I denna avhandling var målet att studera effekten av tvärbindningsegenskaperna i de 
ytliga, mekaniska och optiska egenskaperna. Egenskaperna modifierades genom att 
tillsätta polyvinylacetat (PVA) eller PVA och glyoxal i den TEMPO oxiderade NFC:n 
(TOCN).  

Vattenkontaktvinkeln ökade speciellt mycket då 20 % PVA tillsattes i TOCN, jämfört 
med gedigen TOCN, medan andra mängder av PVA inte förändrade kontaktvinkeln 
betydligt. Genom att tillsätta både PVA och glyoxal minskades kontaktvinkeln. 
Ytsträvheten minskades avsevärt vid modifiering av TOCN med PVA eller PVA och 
glyoxal.  

Draghållfastheten ökade markant och Youngs modul ökade en aning då 20 % PVA 
tillsattes i TOCN jämfört med gedigen TOCN, medan de andra mängderna tillsatt 
PVA inte orsakade någon signifikant förändring. Tillsatsen av glyoxal i den PVA 
modifierade TOCN:n ökade avsevärt Youngs modul, medan draghållfastheten först 
ökade och sedan minskade då mer glyoxal tillsattes.  

Genomskinligheten ökade speciellt mycket då TOCN:n modifierades och ISO 
ljusstyrkan minskade. Ljustransmittansen för provbitarna varierade från 85 % till 
88 %. Ju mera PVA som tillsattes, desto mer ökade ljustransmittansen, medan 
tillsatsen av glyoxal inte förändrade ljustransmittansen särskilt mycket.   

Nyckelord Nanofibrillerad cellulosa, TEMPO oxidation, polyvinylacetat, glyoxal, 

draghållfasthet, Youngs modul, ytsträvhet, opacitet, ISO ljusstyrka, ljustransmittans 
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1 Introduction 

For over 2000 years, paper materials have been used in various applications, because 

cellulose is an abundant material in natural resources. Cellulose materials are easy to 

manage and process, which makes paper a universally used material in various 

applications. For instance, paper can be used as a substrate in electronic applications, 

like field-effect transistors, organic solar cells, chemical and biological sensors. A 

limiting factor with using regular paper made from cellulose fibers is that they have 

a fiber diameter ranging from 20 to 50 μm, which makes the surface roughness high, 

the structure porous and the paper optically opaque. These properties are limiting 

factors especially for electronic devices.  

The naturally found cellulose fibers that have a diameter of 20-50 μm, consist of 

thousands of microfibrils, which have a diameter in tens of nanometers range and 

are composed of even smaller elementary fibrils. The microfibrils can be separated 

from the cellulose fibers mechanically or chemically or using both techniques. Finally, 

the microfibrils can be used to make transparent smooth nanocellulose films. In order 

for the film to be transparent, the fiber diameter has to be smaller than the 

wavelength for visible light. Such transparent and smooth nanocellulose films can be 

used for touch screens, in electronic applications like organic solar cells, thin film 

transistors, antennas and organic light-emitting diodes. The nanocellulose films are 

as transparent as the originally used plastic substrates, but they also have properties 

like recyclability, printability and flexibility that the plastic substrates are lacking. 

Nanocellulose also has a higher thermal expansion coefficient and it is more stable in 

higher temperatures, which can be useful when using the film as a substrate in 

electronic applications.  

The excellent functionalities of nanomaterials stemming from their large active 

surface area have attracted attention in various research topics in the last decades. 

One family of these functional materials is nanocellulose-based products, which can 

be categorized as, nanofibrillated cellulose (NFC), nanocrystalline cellulose (NCC) and 

bacterial cellulose (BC). The biocompatible and biodegradable NFC has tunable 
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surface, mechanical, optical, thermal and barrier properties, hence its usage in 

different “green” applications has drastically increased.  

Though NFC has a lot of excellent properties, it can be necessary to modify it for 

certain applications. NFC can be modified using polymer grafting, coupling agents or 

other chemical methods. Studies have been made on enhancing the properties of 

NFC by adding e.g. poly(acrylic acid), poly(vinyl alcohol), poly(glycidyl methacrylate), 

poly(ethyl acrylate), poly(methyl methacrylate), poly(butyl acrylate), 

poly(hydroxyethyl methacrylate) and poly(lactic acid) in the production process.  

In this thesis, the goal was to study the effect of the crosslinking mechanism in 

surface, optical and mechanical properties since any improvements would open 

many new possibilities for TOCN in various applications. In this study, NFC films were 

prepared using 2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO) oxidation, 

because TEMPO oxidized NFC films (TOCN) results in a more complete separation of 

the fibrils and the films have better mechanical and optical properties than films 

prepared using other methods. In order to enhance the light transmittance, 

mechanical strength, hydrophobicity and surface smoothness even more, PVA was 

used to modify the TOCN film. Glyoxal was additionally crosslinked with the TOCN 

and PVA blend so that the Young’s modulus, opacity, surface smoothness and 

hydrophobicity would improve.  

An atomic force microscope (AFM) was used in order to measure the surface 

roughness of the films, while the contact angle was measured in order to analyze the 

hydrophobicity of the films. The mechanical properties were measured using a tensile 

tester through the tensile strength and Young’s modulus. The optical properties were 

measured using both a spectrophotometer and a UV-Vis spectrometer in order to 

analyze the transmittance, opacity and ISO brightness.   
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2 Nanofibrillated cellulose 

Nanofibrillated cellulose (NFC) typically consists of long and flexible fibrils in 

nanometer scale that are entangled (Kalia et al. 2014, Kalia 2016). The width of the 

fibers are commonly 10-100 nm and the length is in micrometer scale (Kalia et al. 

2014). NFC is composed of both crystalline and amorphous regions (Kalia et al. 2014). 

The cellulose used in NFC can be derived from many different sources, but wood is 

the most common source used (Kalia et al. 2014, Kalia 2016). The pulp fibers are 

commonly treated using mechanical disintegration, enzymatic pretreatments or 

chemical pretreatments (Kalia 2016). 2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl 

(TEMPO) oxidation is one of these chemical pretreatments that can be used to 

produce NFC (Kalia 2016).  

Because of the nano-sized fiber network, NFC has a nano-scale surface smoothness, 

large specific surface area, high aspect ratio and active surface modification 

properties (Hakalahti et al. 2015, Zhu et al. 2014). The network structure gives the 

NFC films mechanical strength, mechanical stability and an efficient stress release 

(Zhu et al. 2014). Due to the nano-scaled fiber size, NFC films have high light 

transmittance and optical haze as well as tunable optical properties (Zhu et al. 2014). 

NFC films also have physical properties like, light weight, porosity, easily manageable, 

processable, flexible, foldable and printable (Fang et al. 2014, Hakalahti et al. 2015, 

Zhu et al. 2014). Furthermore, NFC based solutions have a strong film-forming 

tendency making them suitable to produce substrates with tunable characteristics 

(Fang et al. 2014, Hakalahti et al. 2015, Zhu et al. 2014). NFC is also nontoxic, 

thermally stable, chemically durable and it has a high crystallinity and low thermal 

expansion coefficient (Fang et al. 2014, Fukuzumi et al. 2009, Nogi et al. 2013) 

Though NFC is an attractive material, certain improvements are still needed in order 

for it to be used in some unique applications. The use of NFC based films are 

restricted in aqueous and humid surroundings, because it is not stable in water and 

the material stability, mechanical and barrier properties are reduced when it is 

exposed to water (Hakalahti et al. 2015, Spoljaric et al. 2013). Preparing suspensions 

is time- and energy-consuming (Zhu et al. 2013). When fabricating devices with NFC, 
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the surface smoothness might change and the processing conditions are limited 

because the fibers start to thermally degrade at 200 ᵒC (Hu et al. 2013, Spoljaric et al. 

2013). Additionally, substances of low molecular weight, like oil, oxygen and carbon 

oxidation, can permeate through networked NFC films (Zhu et al. 2014).  

NFC has many good properties; nevertheless, they can still be enhanced using TEMPO 

oxidation to improve the films. For example, carboxyl groups can be added to the 

cellulose by TEMPO oxidation to change the fiber’s morphology (Fang et al. 2014). 

Specifically, TEMPO oxidized NFC (TOCN) possesses strong nanofibrillar hydrogen 

bonds because it has plenty of carboxyl groups, a homogenous fiber diameter in the 

range of 3-8 nm, a high aspect ratio and considerable even entanglement (Qing et al. 

2015). These properties usually results in superior mechanical properties in the TOCN 

films compared to pure NFC films (Qing et al. 2015). TEMPO-oxidation makes it easier 

to disintegrate NFC from the fiber with the mechanical treatment, improves the 

stability and gives a better dispersion, therefore, the fibrillation of the fibers are 

improved by TEMPO oxidation (Hakalahti et al. 2015, Zhu et al. 2014). By adjusting 

the weight ratio of the TEMPO oxidized fibers to NFC, tunable optical properties can 

be gained such as the light scattering while the light transmittance stays the same 

(Fang et al. 2014). TOCN has higher optical transmittance since the fibers are hollow 

and shorter and at the same time, the packing density is higher (Fang et al. 2014). 

TOCN films tend to have a crystallinity of 65-95 %, high tensile strengths, high oxygen 

barrier properties and an extremely low thermal expansion coefficient (Fukuzumi et 

al. 2009, Qing et al. 2015, Saito et al. 2007, Zhu et al. 2014). Furthermore they are 

both transparent and flexible (Fukuzumi et al. 2009, Qing et al. 2015, Saito et al. 2007, 

Zhu et al. 2014). The fibers are also thinner, longer, stronger and more disintegrated 

than enzymatically and mechanically treated NFC (Qing et al. 2015).  

In contrast to aforementioned advantages, preparation of TOCN consumes time and 

energy and the films have high surface charges, which limits its use in commercial 

applications (Qing et al. 2015, Zhu et al. 2014). The TEMPO-treatment is not a 

completely environmentally friendly process, because sodium hypochlorite (NaClO), 

that is dangerous for the environment, is commonly used in this treatment and as a 
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result of its high carboxylate capacity, the NFC produced is very hydrophilic compared 

to plastics (Fang et al. 2014, Fukuzumi et al. 2009).  

NFC films produced by casting from a diluted solution have higher transparency and 

are easier to reproduce smooth and consistent films, but they have lower tensile 

strength than films produced by oven drying, freeze drying or hot pressing (Qing et 

al. 2015). Producing NFC films by casting in room temperature sometimes triggers 

the mold growth, which requires to be omitted by using extra reagents (Qing et al. 

2015). The drying process of the films takes a lot of time, sometimes weeks, and as 

expected, the thicker NFC films require longer drying time (Qing et al. 2015).  These 

factors makes it more challenging to produce nanocellulosic films in large scale.  

2.1 Production of NFC using TEMPO oxidation 

TEMPO oxidation can be applied as a treatment to produce NFC from bleached pulp 

that is disintegrated to a diluted fiber suspension using distilled water with TEMPO 

and sodium bromide (NaBr) followed by the addition of sodium hypochlorite (NaClO) 

to the solution at 10-10.5 pH and room temperature to initiate the TEMPO oxidation 

(Fang et al. 2014, Fukuzumi et al. 2009, Saito et al. 2007).  Thereafter, the suspension 

is stirred with a mixer until the color has changed from yellow to colorless and the 

pulp is rinsed using distilled water three times to get rid of the leftover chemicals 

(Fang et al. 2014, Fukuzumi et al. 2009, Saito et al. 2007).  

The TOCN film can be dried using several different methods. One common method is 

based on “pressure or vacuum dewatering” of the solution by means of pouring the 

solution in the container or gap between two parallel plates of pressure or vacuum 

dryer, which are mostly covered by filter papers, and filtering the solution. 

Additionally, the remaining excessive water is consecutively removed by keeping the 

filtered slurry at room conditions until they lose enough of their water (Fang et al. 

2014). A film can also be obtained by drying the NFC in an oven at 50 ᵒC during the 

night without any forced air-flow (Fukuzumi et al. 2009). NFC films can be produced 

by first making a hydrogel film using filtering and can then be additionally dried by 

oven-, freeze- or air-drying and if desired further dried using a hot press (Qing et al. 
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2015). The film formation can be additionally achieved by the solution casting 

method, which is basically pouring the solution into petri dishes and letting them dry 

at room temperature, commonly for several days (Qing et al. 2015). When the 

solution is drying in the petri dish, the center of the film gets dried first and because 

of the surface tension the solution on the edges starts to crawl up the walls of the 

petri dish and creates walls on the dried NFC film (Qing et al. 2015). In Figure 1 a) and 

b) samples with walls are shown and in Figure 1 c) and d) samples without walls are 

shown.  

 

Figure 1. TOCN films used in this study: a) a film with walls on a dark and even 
background,  b) a film with walls shown at a small distance from the background, c) a film 
without walls on a dark and even background, d) a wall-free film with haze at a distance 

from a map.  

2.2 Measurements of thickness, density and weight percentage 

The thicknesses of NFC films are typically measured using a micrometer equipment 

designed to measure the precise thickness of paper, tissue, corrugated and regular 

board. The measurements are conducted by automatically lowering a pressure 

surface onto the sample (Anonymous A 2016). The equipment calculates the 
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thickness by determining the difference in how far the pressure surface is lowered 

with and without the sample and the thickness is commonly reported in micrometers 

(μm).  

The weights of the samples are measured using a precision balance (Anonymous E 

about 2016). Each sample is measured in both wet and dry state, and the dry state 

measurements are carried out by recording the weight before and after cutting the 

walls from the sample. Using these weight measurements it is possible to calculate 

the weight percentage and density. The weight percentage of similar films has been 

reported between 0.15 % and 2 % for similar films (Fukuzima et al. 2012, Hakalahti et 

al. 2015) and the density values have been reported between 1.36 g/cm³ and 1.46 

g/cm³ (Fukuzima et al. 2009, Qing et al. 2015).  

2.3 Measurements of surface properties 

Contact angle (CA) measurements quantitatively express the interaction between a 

liquid and a sample and CA is measured by means of an optical tensiometer. A drop 

of liquid can be placed on the sample using an automated standard multi liquid 

dispenser, which consists of distilled water, diiodomethane, formamide and ethylene 

glycol by virtue of being commonly used liquids in pulp and paper engineering 

products.  

Distilled water is typically used in order to analyze how the surface of the NFC sample 

repels water. The CA is analyzed by taking pictures of a drop of water placed on the 

sample. The tangent of the drop outline is then measured from the point where 

liquid, solid and gas meet to calculate the contact angle as shown in Figure 2 

(Anonymous B about 2000). If the CA of an aqueous drop is larger than 90ᵒ the sample 

is hydrophobic and if it is smaller than 90ᵒ the sample is hydrophilic (Anonymous B 

about 2000). The CA measurements can also be used to support other surface 

engineering tools to analyze the surface homogeneity, roughness and mobility 

(Anonymous B about 2000). The CA can be calculated using Equation 1.  

𝛾𝑙𝑣 ∗ 𝑐𝑜𝑠𝜃 = 𝛾𝑠𝑣 − 𝛾𝑙𝑠        (1) 
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where 𝜃 is the CA and 𝛾𝑙𝑣, 𝛾𝑠𝑣 and 𝛾𝑙𝑠 are the interfacial energies for the liquid-vapor, 

solid-vapor and solid-liquid interfaces, respectively (Anonymous B about 2000). The 

CA of water on TOCN has been commonly reported to be around 50° and for NFC 

around 40° (Fukuzumi et al. 2009, Xhanari et al. 2011).  

 

Figure 2. Schematics of the contact angle measured from the solid-liquid-vapor interface. 
(Anonymous B about 2000). 

Atomic force microscopy (AFM) can be used to analyze surface properties, such as 

homogeneity, porosity and roughness by constructing 3D images of the surface in 

nano-scale. The images are commonly obtained in air (Haugstad 2012). The 

equipment consists of a peak formed force tip (probe or needle) that is attached to a 

flexible micro cantilever that bends when a force is applied. The vertical position of 

the tip can be calculated from the bending angle of the cantilever. The angle is 

measured by reflecting a laser beam onto the cantilever and a split photodiode 

detects the reflection, as shown in Figure 3. The tip slides over each point of the 

surface and measures the height through the displacement of the tip in the vertical 

direction. Either the sample or the tip moves sideways during the measurements 

while the other part stays still (Haugstad 2012).  

The vertical range of the tip is usually hundreds of nanometers and has a sub-

nanometer scale resolution (Haugstad 2012). The cantilever has a spring constant in 

the range of 10¯² to 10² N/m, which creates a force in the range of a pico Newton to 

micro Newton. The resolution of the measurements are commonly many 

micrometers upright and many tens of micrometers sideways. The height of each 

point on the surface of the sample is commonly shown in colors and tints in the 

topographic 2D images from dark to light. From the height numbers, which describe 

the height differences throughout the sample, it is possible to get the standard 
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deviation and distribution. The stiffness and adhesion can also be identified by 

measuring the resistance of the AFM tip (Haugstad 2012).  

 

Figure 3. The bending angle of the cantilever. (Haugstad 2012) 

2.3.1 Surface properties 

A NFC film looks similar to a thin plastic film, but in reality, it is more complicated with 

a nano-scaled unique porous fiber network that is unlike other transparent substrates 

(Zhu et al. 2014). The size of the pores in the network are commonly 10-50 nm while 

the fiber diameter and length are about 10 nm and 2 μm, respectively (Hu et al. 2013, 

Zhu et al. 2014). The NFC films, which contain both crystalline and amorphous 

regions, commonly have a thickness of about 40 μm (Abitbol et al. 2016, Hu et al. 

2013). The thickness of the film has been measured in various ways in the literature, 

such as using a caliper, scanning electron microscope (SEM) or by calculating it from 

the interference patterns on a transmittance and/or reflectance spectra (Fukuzumi 

2012, Qing 2015, Zhu 2013).  

NFC films have commonly a very low surface roughness because of the small fiber 

size (Zhu et al. 2014). This allows electronics to be produced straight onto the surface 

of the film (Zhu et al. 2014). In general, the fiber size, surface roughness and 

printability are closely related properties. If the fibers are larger the surface would 

also be rougher which would make the surface incompatible with the thin film 

electronic devices (Zhu et al. 2013). The surface roughness of NFC films are 
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comparable to plastics and smoother than regular paper, while the porosity and pore 

size are lower than for regular paper but higher than for plastic (Zhu et al. 2014). The 

printability is commonly reported as better than for plastic and worse than for regular 

paper whereas the bending radius is also lower for the NFC films than for plastic (Zhu 

et al. 2014).  

The surface roughness is also associated with the drying methods. NFC films that are 

dried by casting are in general smoother than those dried by oven, freeze or hot press 

(Qing et al. 2015). Using rapid drying, the film ends up with deformations, while 

casting the sample results in a slower drying process and, thus, a smoother film 

surface (Qing et al. 2015).  

The shape stability of the film is decreased after wetting and drying the film several 

times because the cellulose chain has many hydroxyl groups (-OH) (Zhu et al. 2014). 

In order to suppress the hydrophilic nature of NFC, some surface modification 

methods have been usually practiced aiming to use these types of films in humidity 

intolerant applications; on the other hand, good absorption is desired for NFC in some 

applications, like paper microfluidics (Zhu et al. 2014). The wicking properties and 

porosity can be enhanced by changing solvent and freeze drying (Zhu et al. 2014).  

2.4 Measurements of mechanical properties 

The mechanical properties of the sample such as tensile strength, yield strength and 

elongation before break of the sample can be measured using a tensile testing 

apparatus (Davis 2004). The test sample has commonly a dog bone shape using a 

standard model with the ends wider for the gripping. In the gauge section, area of 

the cross-section is thinner so that the sample will break in the area within the gauge. 

The length between the gauge area and the ends have to be long enough so that the 

ends do not limit the malformation that occurs within the gauge area. The length of 

the gauge area also has to be much bigger than its width, if not the stress will not be 

just plain tension (Davis 2004).  

The ends of the sample can be attached to the grips of the tensile tester using various 

methods i.e. screwing the ends to a threaded grip, pinned to the grip and pressed 
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between the wedged grips (Davis 2004). The grips should be critically able to hold the 

sample without slipping or breaking at the grip using the maximum load. Both 

bending and stretching of the sample have to be minimal in order to get reliable 

results. The grips of the machine are then pulled away from each other with 

increasing load until the sample breaks at some point inside the gauge length region 

(Davis 2004).  

There are different ways for a tensile tester to apply the load, electromechanically or 

hydraulically (Davis 2004). An electromechanical machine uses an electric motor with 

various speed while a hydraulic machine includes an either single or dual-acting 

piston to move the grip vertically. In this study, an electromechanical machine was 

used (Davis 2004).  

The most important objective of the tensile testers is obtaining the stress-strain curve 

of the test material, which profiles tensile elongation versus the tensile force (Davis 

2004). The force is reported as a function due to the change in gauge length. The 

values in this curve are normalized based on the dimensions of the specimen to form 

a stress-strain curve. The engineering stress, s, can be calculated using Equation 2 

(Davis 2004).  

𝑠 =
𝐹

𝐴0
           (2) 

where A₀ is the gauge-sections cross-sectional area and F is the tensile force. The 

engineering strain, e, can be calculated using Equation 3 (Davis 2004).  

𝑒 =
∆𝐿

𝐿0
=

𝐿−𝐿0

𝐿0
          (3) 

where ΔL is the change in the gauge length, L₀ is the initial gauge length and L is the 

final gauge length (Davis 2004). The measured force and elongation data are 

recalculated using the engineering stress and strain so that the engineering values 

can be plotted into a stress-strain curve, these are the values used in the results 

chapter. The stress and strain values are independent of the dimensions of the 

sample in contrary to the measured values for the load and elongation (Davis 2004).  
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The bonds of the atoms are elongated, when a sample is exposed to stress (Davis 

2004). If the bonds relax and the sample gets back to its normal shape, it is an elastic 

deformation. If the deformation is irreversible, it is a plastic deformation. The first 

part of the stress-strain curve is linear, this linear part shows the Young’s modulus or 

elastic modulus, E, that is calculated using Equation 4 (Davis 2004).  

𝐸 =
𝑠

𝑒
           (4) 

At a certain point when the stress is high enough, the linear part of the curve is 

followed by a receding curve (Davis 2004). This phenomenon is caused by the 

irreversible deformation in the sample. The yield strength can be measured from the 

stress at the point where a parallel line to the linear part of the stress strain curve 

with a distance of 0.2 % intersects with the receding part of the curve. This is can then 

be followed by the breaking point (Davis 2004).  

The stress-strain curve can be affected by the anisotropy of the material, strain rate 

and temperature (Davis 2004). In order to estimate the behavior of a material 

correctly while stress is applied, the true stress and true strain have to be calculated 

(Davis 2004). The true stress, σ, can be calculated using Equation 5. 

𝜎 =
𝐹

𝐴
= 𝑠(1 + 𝑒)         (5) 

where F is the force applied and A is the area at that time (Davis 2004). If the 

deformation is uniform, the volume of the sample between the upper and lower 

gauge stays the same at any point of time during the measurement. The true strain, 

ε, can be calculated using Equation 6 (Davis 2004).  

𝜀 = ln (
𝐿

𝐿0
) = ln (

𝐴0

𝐴
) = ln(1 + 𝑒)        (6) 

where L is the gauge length at that specific time (Davis 2004).  

2.4.1 Mechanical properties 

Due to the layered porous 3D fiber network form, the NFC films are flexible, foldable 

and shapeable (Nogi et al. 2013, Zhu et al. 2014). This structure helps the film to 

release stress in active layers of the film efficiently by bending (Zhu et al. 2014). NFC 

films also have excellent tensile strength, Young’s modulus, toughness and strain to 
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failure, which are tenfold higher than in regular paper with a fiber diameter of 20 to 

50 μm, because of the tight network and the strong fiber to fiber hydrogen bonds. 

(Zhu et al. 2014).  

The tensile strength, Young’s modulus and elongation before break are shown in 

Table 1 for both TOCN and NFC. The maximum loading stress and Young’s modulus 

for NFC films are higher than for both regular paper and plastics (Zhu et al. 2014). 

When the porosity of NFC is increased the tensile strength is decreased (Zhu et al. 

2014). The tensile strength and elongation before break are also directly related to 

the degree of polarization of the cellulose and the production process (Fukuzumi et 

al. 2012, Zhu et al. 2014).  

Table 1. Tensile strength, Young’s modulus and elongation before break for TOCN and 
NFC. (Fukuzumi et al. 2009, Fukuzumi et al. 2013, Qing et al. 2015, Sehaqui et al. 2011, 

Yang et al. 2015, Zhu et al. 2013) 

 TOCN NFC 

Tensile strength (MPa) 110-270 7.4-120 

Young's modulus (GPa) 3.2-14 0.15-1 

Elongation before break (%) 3.2-9.9 5.7-10 

 

The production method of the NFC solution affects the mechanical properties of the 

NFC sample (Qing et al. 2015). TOCN films have higher strength than the ones purified 

using several enzymatic pretreatments because the TEMPO has enough carboxyl 

groups, consistent fiber diameters, high aspect ratio and a lot of entanglement that 

promotes the film to have strong bonds between the nanofibrils and hydrogen atoms 

(Qing et al. 2015). Additionally, the strength is lower for cast dried samples than for 

hot pressed, oven or freeze dried samples (Qing et al. 2015). This is attributed to the 

mold growth that can degenerate the structure of the film and biocides have been 

suggested to prevent this formation (Qing et al. 2015).  

2.5 Measurements of optical properties 

The transparency, brightness and color are measured to quantify the visual 

appearance of the sample and the optical properties, which can be determined by 

using a spectrophotometer and/or an Ultraviolet-Visible (UV-Vis) spectrometer 



 

14 
 

(Anonymous C 2002). A spectrophotometer involves a barium sulfate coated sphere 

as an illuminant and a xenon lamp as a light source that covers both visible and 

Ultraviolet (UV) wavelengths. The light moves through a disc with cut-off filters for 

395, 420 and 460 nm towards the D65 filter that filters the light close to daylight with 

UV-light. The light finally moves through the sample in order to measure the optical 

properties. The reflectance is measured using a dual-beam diode-array spectrometer 

at an angle of 0ᵒ (Anonymous C 2002). The components of the spectrophotometer 

are demonstrated in Figure 4 along with their functionality. 

 

Figure 4. A schematic of how the parts of the spectrophotometer functions together. 
(Anonymous C 2002) 

The difference between the reflectance of the inner wall of the sphere and the 

sample is measured using dual-beam technology and it cancels out the variations that 

arise from the alteration in lamp intensity (Anonymous C 2002). The measurement 

are done using specific apparatus conditions, such as, by using different filters. The 

filters that can be used are 395 nm, 420 nm, 460 nm, UV calibrated using D65 

illuminant, UV calibrated using C illuminant, UV calibrated using Ganz-Grießer and in 

some cases, no filter is employed. The measurements are made in the visible 

spectrum 360-700 nm, in 10 nm steps, which results in 35 reflectance values. These 
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values are then converted into colorimetric values that are used to quantify the 

opacity, brightness and color using a software (Anonymous C 2002).  

For both liquids and solids, the reflectance and transmittance can be measured using 

a UV-Vis spectrometer with an integrating sphere (Anonymous D 2004). At the 

entrance of the integrating sphere module, there is a sample holder, making it 

possible to measure the light scattering of the sample in an efficient way by collecting 

the light that passes through the sample in order to maximize the amount of light 

reaching the detector. A reflectance holder is positioned on the opposite side of the 

sphere and is used together with a Spectralon plate or light trap, which is placed at 

the angle of specular reflectance, to measure the total or diffuse reflectance as 

shown in Figure 5. It is also possible to measure samples that are unevenly shaped by 

placing it in the center of the sphere using a center mouth port together with a 

positioning wheel. A UV-Vis spectrometer is shown in Figure 6 (Anonymous D 2004).  

 

Figure 5. Total and diffuse reflectance in an integrating sphere. (Anonymous D 2004) 
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Figure 6. An UV-Vis spectrometer. (Anonymous D 2004) 

A UV-Vis spectrometer can be used for product development and quality testing in 

different areas (Anonymous D 2004). Solar cells, for instance, can be examined using 

the reflectance and transmittance loss modes. Chemical combinations can be studied 

from the diffusive and specular reflectances by getting the absorption. Ink and food 

constituents can be estimated using the reflectance spectra, as well. The device can 

also be used to analyze and determine coating colors (Anonymous D 2004).  

2.5.1 Optical properties 

NFC films have typically tunable optical haze and high optical transmittance, which 

stems from the nano-size of the fibers (Qing et al. 2015, Zhu et al. 2014). A NFC film 

is usually very transparent when it is positioned close to the substrate behind it (Hu 

et al. 2013). If the distance between the film and the substrate, on the other hand, is 

larger the film looks more hazy and the substrate cannot be seen clearly (Hu et al. 

2013). The light transmittance for TOCN is approximately 90 % at 550-600 nm which 

is much higher than regular paper transmittance and around the same transmittance 

as plastics (Fang et al. 2014, Fukuzumi et al. 2009, Zhu et al. 2014). 

Nanofibers also promotes forward light scattering (Zhu et al. 2014). The light can 

scatter either internally or at the interface, where the refractive index changes (Zhu 

et al. 2013). When the change in the refractive indices becomes higher, the light 

scattering also increases. The refractive indices for air, porous cellulose and NFC are 

reported as 1, 1.2 and 1.5, respectively (Zhu et al. 2014). The optical haze for NFC 

films range from 18 to 60 %, this means that scattering occurs for most of the 
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transmitted light, while plastic substrates have very low optical haze because the light 

mainly scatters at an angle of 45°, which is the same as for a mirror (Fang et al. 2014, 

Hu et al. 2013, Zhu et al. 2014).  

There are two kinds of transmittances: specular and diffusive (Zhu et al. 2013, Zhu et 

al. 2014). The light that is transmitted at the axis of incident light is called the specular 

transmittance, while the transmitted forward scattered light that does not travel 

along the axis is called the diffusive transmittance (Zhu et al. 2013, Zhu et al. 2014). 

The specular transmittance depends on the size of the fiber, the shorter and thinner 

the fiber the larger the light transmittance (Qing et al. 2015, Zhu et al. 2013, Zhu et 

al. 2014). This is because when the fibers are smaller the absorption of light is also 

smaller (Qing et al. 2015). The longer and wider the fiber is, the larger is the light 

scattering, this is due to the cavities in nano-scale around the fibers (Zhu et al. 2013, 

Zhu et al. 2014). Because the fibers in NFC films are a lot smaller than the wavelength 

of visible light, the scattering of light is isotropic, which means that there are as much 

forward scattering as backwards scattering (Hu et al. 2013). This also means that in 

order to have a high light transmittance, it is important to have a relatively small total 

scattering (Hu et al. 2013). The cavities can be reduced by for example filling them 

with polymers (Zhu et al. 2014). By tuning the fiber size and porosity, the 

transmittance and optical haze can be altered (Zhu et al. 2014).  

The effective index, specular and diffusive transmittance can be altered by the 

packing density (Zhu et al. 2013, Zhu et al. 2014). An increase in packaging density 

leads to a decrease in porosity, which means a decrease in light scattering and an 

increase in both specular and diffusive transmittance (Zhu et al. 2013, Zhu et al. 

2014). The effective index increases when the packaging density increases (Zhu et al. 

2013).  

Different pretreatments also affect the optical properties (Qing et al. 2015). TOCN, 

for example, has a higher light transmittance than NFC that is purified using several 

enzymatic pretreatments due to the smaller fibers of TOCN films (Qing et al. 2015). 

Additionally, the samples prepared by casting have a higher transparency than oven 

dried, freeze dried or hot pressed samples; because cast dried samples have lower 

surface roughness (Qing et al. 2015).  
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Another optical parameter of NFC films are the color difference (Fang et al. 2014). 

International Commission on Illumination (CIE) has specified a complete color space 

in order to be able to describe the visible colors called CIELAB (Fang et al. 2014). There 

are parameters that define the lightness of the color, the difference between red and 

green and the difference between blue and yellow (Fang et al. 2014). Fang et al. 

reported that when increasing the NFC content the color lightness parameter became 

darker, but the color itself did not shift significantly.  

2.6 Modifications 

In order to enhance its properties and create opportunities for new applications, NFC 

can be modified with various methods such as physical absorption, surface 

modification and polymer grafting (Spoljarik et al. 2013, Missoum et al. 2013). 

Besides, a reinforcement in polymer matrices can also be used to enhance the 

mechanical properties of the material (Spoljarik et al. 2013, Missoum et al. 2013). 

Different water-soluble and polar polymers are mixed with NFC to ameliorate its 

characteristics (Spoljarik et al. 2013, Missoum et al. 2013). In this work, the 

crosslinking of NFC, glyoxal (GX) and poly(vinyl acetate) (PVA) has been studied 

systematically.  

2.6.1 Glyoxal (GX) 

Using regulated oxidation of ethanol with nitric acid, glyoxal (GX), C₂H₂O₂, was first 

produced in 1856 (Mattioda & Blanc 2011). In commercially produced glyoxal, 

acetaldehyde and ethylene glycol are commonly used as the starting material. 

Glyoxal without water is a liquid at room temperature and crystallizes at 15 ᵒC as 

yellow prismatic crystals. Glyoxal is exclusively used as an aqueous solution with a 

concentration of 30-50 %. Glyoxal has a boiling point of 50.4 ᵒC producing green 

vapors with a sharp scent while it boils; by evaporating the solution, a white mass of 

polyglyoxal is produced.  Polyglyoxal cannot melt, depolymerizes when heated and is 

decomposed above 150 ᵒC (Mattioda & Blanc 2011). The toxicity in glyoxal is low 

according to Mattioda and Blanc.  

To stabilize glyoxal, different polyhydroxy polymers can be used (Mattioda & Blanc 

2011). Because glyoxal is bifunctional, as shown in Figure 7, it can be used as a 
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crosslinker for various functionalized macromolecules, such as cellulose, keratin, 

polyacrylamides, poly(vinyl alcohol) and various condensates. In coated paper, 

glyoxal can be used as a crosslinker to provide wet strength. When crosslinking 

glyoxal with cellulose at cold temperatures, unstable hemiacetals can be acquired, 

these can be changed irreversibly into acetals when heated close to an acid catalyst 

(Mattioda & Blanc 2011).  

 

Figure 7. The chemical structure of glyoxal. 

2.6.2 Poly(vinyl acetate) (PVA)  

Poly(vinyl acetate) (PVA), (C2H4O)X, is a synthetic, linear and thermoplastic polymer 

(Kaboorani et al. 2012, Xue 2013). PVA is commonly synthesized using radical 

polymerization on the monomer (Uryu 1996).  PVA has favorable properties such as 

biodegradability, nontoxicity, noncarcinogenicity, good chemical and thermal 

stability and biocompatibility (Xue et al. 2013). These properties enables the use of 

PVA in pharmaceutical and biomedical applications like contact lenses, drug delivery 

carriers, biodegradable scaffolds, artificial pancreas, wound dressings, cartilage, 

artificial blood vessels and heart valves. PVA has a few disadvantages, which are that 

the products consisting of PVA does not perform well in humid conditions and the 

mechanical performance decays when the temperature increases and when the 

temperature exceeds 70 °C, the bonding resistance capacity is reduced (Chaaboini & 

Boufi 2017).  

The chemical structure of PVA is not complex with its many hydroxyl groups, as 

shown in Figure 8. These hydroxyl groups are able to make hydrogen bonds within 

various pieces of the molecules or between molecules. It can also be crosslinked using 

physical or chemical means and multifunctional crosslinking agents and can be easily 

modified so that it is attached to proteins, growth factors or biologically important 

molecules (Xue et al. 2013).  
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Figure 8. The chemical structure of PVA.  

2.7 Applications 

NFC can be used in many different applications. Some applications require the ability 

to tune the optical haze (Zhu et al. 2014). When used in applications like transistors, 

organic light emitting diodes (OLED) and radio frequency identification (RFID) the NFC 

film is usually integrated in a layered structure, which has a thickness of 1 μm (Zhu et 

al. 2014). It is crucial for the NFC film to have a surface roughness smaller than 

micrometer scale so that the electronic device it is used in does not leak (Zhu et al. 

2014). Because the structure and properties of the NFC film changes with increased 

humidity, it can be used in applications like humidity sensors (Zhu et al. 2014). 

However, the hydrophilic nature also limits the use of NFC in humid and aqueous 

environments (Hakalahti et al. 2015).  

2.7.1 Printed electronics 

Commonly plastic or glass substrates have been used as transparent substrates in the 

production of electrodes with silver nanowires (AgNWs), tin-doped oxide (ITO) or 

carbon nanotubes (CNTs) (Hu et al. 2013). NFC films have some advantages over 

plastics and glass making them promising substrate candidates for transparent 

electrodes such as more efficient stress release system, printability, flexibility, 

processability and forward scattering (Hu et al. 2013).  

Because of the high tensile strength, NFC films are promising for roll to roll printed 

flexible electronics (Zhu et al. 2014). Along the surface, both light transmission and 

surface and electron transport are necessary in optoelectronic devices, this is why 

adding electrical conductivity to the NFC film is essential to integrate it into 

electronics manufacturing lines  (Zhu et al. 2014). This can be done by using vacuum 
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based depositions like metal sputtering where heat processing is not necessary (Zhu 

et al. 2014). Inkjet printing is another method to make an arrangement of nanowire 

inks or silver nanoparticles onto a NFC film to produce a conductive coating (Zhu et 

al. 2014).  

There are certain applications, like antennas, where foldability, flexibility, printability, 

lightweight, high transparency, high thermal stability, chemical durability and surface 

smoothness are required (Nogi et al. 2013, Zhu et al. 2014). NFC films are foldable 

without breaking the film or the printed nanowires and the conductivity is conserved 

(Nogi et al. 2013). If the surface is too rough, the electrical properties for the 

conductive patterns deteriorate exponentially (Nogi et al. 2013). The smooth surface 

of NFC also provides the antennas with low resonance peaks just like plastics (Nogi et 

al. 2013). It is possible to tune the antennas mechanically for a wide frequency range 

because of the ability to fold (Nogi et al. 2013). Because the resonance peak is altered 

when folding and changes again when unfolding, it is possible to transmit and receive 

multiple frequency band signals on the antenna by folding and unfolding (Zhu et al. 

2014). These antennas can be used in applications like healthcare sensors, wearable 

and foldable electronics (Nogi et al. 2013).  

NFC films can be used in thin film transistors as a substrate with no extra surface 

coating (Zhu et al. 2014). They can be used also as membranes for loudspeakers and 

in battery electrodes (Qing et al. 2015).  

2.7.2 Optical applications 

By integrating conductive materials with the NFC films, NFC can be used in 

transparent flexible devices such as displays or touch screens (Zhu et al. 2014). In thin 

film solar panels and outdoor display applications such as global positioning systems 

(GPS), the light transmittance must be high and the optical haze must be low due to 

the need of improved light trapping (Fang et al. 2014, Zhu et al. 2013, Zhu et al. 2014). 

This reduces the amount of intense light reflection that produces the glare when the 

device is exposed to bright light such as sunlight (Fang et al. 2014, Zhu et al. 2014). 

High light transmittance and low optical haze produce high clarity, which is required 

for indoor displays (Fang et al. 2014, Zhu et al. 2013, Zhu et al. 2014). Tunable light 
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scattering in this sense is important so that the films can be used in different optical 

applications (Zhu et al. 2013).  

NFC films can be used as a substrate for OLED devices in several applications as well 

because of its smoothness, flexibility and the tunable optical properties (Qing et al. 

2015, Zhu et al. 2014). Since the production process includes solvents that can get 

the NFC fibers to swell, the shape stability needs to be improved to be able to use 

NFC films in OLED devices (Zhu et al. 2014). In LED lightning or LCD (liquid crystal 

display), it can be useful to have a film with high haze because it also gives a uniform 

light distribution (Fang et al. 2014). Because of the high optical haze and printability, 

NFC films can be used also in high performance organic solar cells (Zhu et al. 2014). 

In particular, the optical path length is increased because of the light scattering 

caused by the high optical haze, which increases the light trapping in the active layers 

and increases the performance of the solar cells (Fang et al. 2014, Hu et al. 2013, Zhu 

et al. 2014).  

2.7.3 Barrier applications 

By casting TOCN on a poly(lactic acid) film, it is possible to obtain high oxygen barrier 

and transparent films (Fukuzumi et al. 2009). These films can be used for 

biodegradable packaging of food and medicine having gas barrier and filter 

functionality (Fukuzumi et al. 2009, Hakalahti et al. 2015). NFC films can be used also 

in coating applications (Abitbol et al. 2016, Qing et al. 2015). However, because of 

the high viscosity of dense NFC dispersion, it cannot be used in high speed coating 

(Abitbol et al. 2016).  

2.7.4 Medical applications 

NFC has been used in biomedical applications like medical carriers and healthcare 

sensors (Kalia et al. 2014, Nogi et al. 2013, Qing et al. 2015). NFC can be employed in 

drug delivery because it is able to protect the drug nanoparticles at the time of the 

formulation process and during storage (Kalia et al. 2014). NFC can be utilized as a 

replacement for the nucleus pulposus together with hydrogels because of its fair 

swelling ratio and mechanical properties that have the capability to fix the annulus 

fibrosus loading and recover the height of the intervertebral discs (Kalia et al. 2014). 

NFC has also been researched in nanocomposite scaffolds in order to be used in 
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artificial ligaments or tendon substitutes because of its excellent mechanical 

properties, dimensional stability, cytocompatibility and non-toxicity (Kalia et al. 

2014). NFC consisting pineapple leaf fibers has been blended in the nanocomposites 

to create vascular grafts and prosthetic heart valves (Kalia et al. 2014). TOCN given 

orally with glucose and glyceryl triolate has also been shown to decrease postprandial 

blood glucose, insulin, triglycerides and glucose-dependent insulinotropic 

polypeptide in mice, showing that it may have potential application in the field of 

human health (Kalia et al. 2014).  
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3 Materials and methods 

In this section, the materials and equipment used throughout the study will be 

described.  

3.1 Materials 

3.1.1 TEMPO oxidized NFC preparation  

The TOCN samples were prepared by first oxidizing and then fibrillating. Never dried 

birch kraft pulp was oxidized using a TEMPO catalyst. The cellulose fibers were 

suspended in water with TEMPO and sodium bromide (NaBr) (Saito et al. 2007). A 

sodium hypochlorite (NaClO) and hydrogen chloride (HCl) solution was added to the 

suspension by stirring in room temperature and at pH 10 to start the TEMPO 

mediated oxidation (Saito et al. 2007). The suspension was then stirred for two hours 

and liquid ethanol was added to suppress the oxidation (Saito et al. 2007). Filtration 

was used to wash the TEMPO oxidized cellulose thoroughly with water (Saito et al. 

2007).  

3.1.2 Glyoxal (GX) 

The glyoxal was used in a 40 wt% water solution.  

3.1.3 Poly(vinyl acetate) (PVA) 

An undispersed and completely hydrolyzed poly(vinyl acetate) was used in this study. 

The degree of hydrolysis was 99.0-99.8 and the molecular weight was about 145,000. 

3.2 Methods 

3.2.1 Film preparation 

A 0.5 wt % dispersion of TOCN was mechanically disintegrated in Microfluidics M-

110EH micro fluidizer, stirred magnetically for 24 hours and centrifuged mildly for 6 

minutes at 5000 rpm. At the end of this process, the main TOCN dispersion was 

obtained. The pure TOCN (named as C) was dried by casting the main TOCN 

dispersion in 13.5 cm wide polypropylene petri dishes 190 grams in normal room 
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conditions using a 240 nm thick Schleider & Schuell filter paper as a lid in order to 

keep the vapor pressure consistent.  

For the samples containing PVA and glyoxal, the dispersion were then mixed for 75 

minutes with PVA and/or the glyoxal prior to drying the samples. A 0.5 wt % PVA 

solution was made by stirring PVA in Millipore filtered water magnetically for 6 hours 

at 100 °C. The composition of each sample is shown in Table 2.   

Table 2. Composition of the samples used in the study.  

  TOCN PVA GX 

C 100% - - 

CP10 90% 10% - 

CP20 80% 20% - 

CP30 70% 30% - 

CP10G10 80% 10% 10% 

CP10G20 70% 10% 20% 

CP10G30 60% 10% 30% 

 

3.2.2 Characterization 

3.2.2.1 Thickness, density and weight percentage 

The weight of each film was measured using the Precisa XT 320M balance, which has 

a precision of 1 mg. The weight was measured first with the walls of the sample and 

then after cutting the walls of the sample. The thickness was measured using L&W 

Micrometer, which has a precision of 0.1 μm. The measurements were taken from 

five positions, four position near the edges from different spots and one in the 

middle. From these measurements, the average thickness (dave) was calculated by 

using Equation 7.  

𝑑𝑎𝑣𝑒 =
𝑑1+𝑑2+𝑑3+𝑑4+𝑑5

5
        (7) 

where d1, d2, d3, d4 and d5 are the separate thickness measurements of the sample 

from four points on the edges and one point in the center. The density (ρ) of the NFC 

film can be calculated using Equation 8.  
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𝜌 =
𝑤

𝜋𝑟2𝑑
          (8) 

where r is the radius, d is the thickness and w is the weight of the dry sample without 

walls. The grammage, (b), which is needed for measuring the mechanical and optical 

properties of the sample, can be calculated using Equation 9.  

𝑏 =
𝑤

𝜋𝑟2
          (9) 

The weight percentage (wt %), which is an indication of the packing structure, can be 

calculated using Equation 10.  

𝑤𝑡% =
𝑤𝑑𝑟𝑦

𝑤𝑤𝑒𝑡
∗ 100%                               (10) 

where wdry is the weight of the dry sample with walls and wwet the weight of the wet 

sample. The measurements were carried out at 23 ᵒC and 50 % humidity.  

3.2.2.2 Surface properties 

The contact angle was measured using CAM 200 contact angle goniometer (KSV 

Instruments). Before making the measurements, the samples were conditioned 

overnight at 65 % RH. During the measurements, the sample was stabilized on a 

microscope glass surface placed on an adjustable stage. An automated multi liquid 

dispenser was filled with distilled water at a rate of 10000 μl/s and dispensed until 

the unwanted bubbles were completely ejected at a rate of 20000 μl/s. The dispenser 

was used to place a 4 μl water drop on the sample at a rate of 16000 μl/s. A FireWire 

video camera was used to record the contact angle measurement. The camera was 

set to take one picture per second for 25 seconds initially and then to take 50 

pictures, one every 15th second. The CAM200 software was used to calculate the 

contact angles from the images. The contact angle measurements were made at a 

temperature of 20 ᵒC and at a humidity of 65 %.  

The AFM measurements were done using a MultiMode 8 NanoScope V atomic force 

microscope. The tapping mode was equipped using the HQ:NSC15 / AI BS μ masch 

measuring needle in the measurements. The following settings were used: scan 

rate=0.9 Hz, drive frequency=272.45 kHz, resonance frequency=325 kHz (start 

frequency=265 kHz and end frequency=410 kHz), amplitude set point=1034 mV and 
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force constant=40 N/m (20-80 N/m). An E-scanner was used to do the measurement 

using 512 samples/line gains (amount of data points or pixels in X and Y direction). 

The data was then analyzed in order to get the surface roughness of the samples 

using the NanoScope Analysis software, which measures the changes in height of the 

surface as a function of the surface roughness (Rq). Four values for Rq were measured 

in order to get a reliable result for the surface roughness of the sample.  

3.2.2.3 Mechanical properties 

The tensile properties were measured using a MTS 400/M test system. The width of 

the sample was 5 mm, the length 74 mm and gauge length 59 mm, according to the 

ISO 527-3 standard model, shown in Figure 9. The measurement was performed using 

a load of 50 N and the initial speed of 5 mm/min. The tensile properties were 

calculated using the Testwork 4 software. The mechanical properties were measured 

at 23 ᵒC and 50 % humidity.  

 

Figure 9. A standard model of the sample shape with its parameters. 

3.2.2.4 Optical properties 

L&W Elrepho spectrophotometer was used to measure the opacity, brightness and 

color of the samples. The measurements were done at an interval of 10 nm for the 

spectrum 360-700 nm. Ten measurements were made for each sample, five 

measurement were made with stacked transparent sheets under the sample and five 

measurement were made with a black cavity under the sample. The opacity, 

brightness and the color parameters were calculated using the L&W Elrepho Colour 

Brightness software. The measurements were made at 23 ᵒC and 50 % humidity.  

A Perkin Elmer Lambda 950 UV-Vis spectrometer with an integrating sphere was used 

to capture the transmittance profiles for the samples at a wavelength range from 200 
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nm to 1000 nm. The detector used was TE-Cooled PbS Hamamatsu R-955 PMT. The 

resolution for the UV-Vis spectrometer is 0.05 nm.  
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4 Results and discussion 

In this chapter, the results of the experiments and corresponding analyses will be 

presented. 

4.1 Thickness, density and weight percentage 

In Table 3, the average thickness, weight percentage, grammage and density for each 

sample are shown. The walls of the samples appeared to be in different amounts 

after eye inspection, however, the average thickness of the samples does not vary 

notably ruling out the loss of the materials attached to the walls of the petri dish. The 

grammage is slightly lower for the CP samples compared to the C sample, while the 

CPG samples have a somehow higher grammage than the C sample. The density of 

the samples do not either alter significantly. The weight percentage for the C and CP 

samples are pretty much the same, while it is somewhat higher for the CPG samples. 

Due to the minor variations observed in the results of the experiments, one can 

conclude that the measurements were precise and the conditions were constant.  

Table 3. The grammage, average thickness, density weight percentage with and without 
walls for each sample along with the standard deviations. 

Sample C CP10 CP20 CP30 CP10G10 CP10G20 CP10G30 

Grammage without walls 
(g/m2) 

59.2 53.7 54.1 51.9 60.2 68.0 70.8 

Average thickness (m) 
50.4 
± 1.1 

49.4 
± 1.8 

40.6 
± 4.0 

41.2 
± 3.0 

47.2 ± 
1.9 

53.6 ± 
1.9 

52.2 ± 
4.4 

Density (g/m3) 1.18 1.09 1.33 1.26 1.28 1.27 1.36 

Weight percentage with 
walls (%) 

0.56 0.57 0.57 0.55 0.64 0.72 0.77 

Weight percentage without 
walls (%) 

0.45 0.40 0.41 0.39 0.45 0.51 0.53 

4.2 Surface properties 

The contact angle was measured for each sample in order to analyze the 

hydrophilicity. In Figure 10, the initial and final contact angles for C, CP and CPG 
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samples were presented. By comparing the initial and final contact angles for the 

samples, it can be seen that the contact angle decreases for each sample by time, as 

expected. The initial contact angle did not change significantly for the CP samples 

compared to C, except for CP20, which increased considerably. The initial contact 

angle for the CPG samples decreases drastically compared to C. When comparing the 

CPG samples it can also be seen that when adding more glyoxal, the final contact 

angle decreases. For CP10G10, CP10G20 and CP10G30, the reduction in contact angle 

is 42 %, 50 % and 52 %, respectively. According to Castro, the addition of glyoxal in 

bacterial cellulose (BC) on the contrary increases the initial contact angle, in this case 

from 65° to 75°, this can be attributed to the fact that the hydrophobicity is increased 

since the glyoxal molecules are very polar and when reacted with hydroxyl groups in 

the anisotropic cellulose form polar acetal and hemiacetal structures. The glyoxal 

affects the structure in the glucopyranose ring orientation, in which the equatorially 

positioned hydroxyl groups show hydrophilic character and the axially positioned 

groups have hydrophobic behavior (Castor et al. 2015). 

  

Figure 10. Initial and final contact angle shown for each sample. 

The surface roughness for C, CP and CPG are shown in Figure 11. The surface 

roughness and related standard deviation of sample C are significantly higher than 

other samples, on the other hand, the surface roughness for the modified NFC 

samples does not significantly differ. The surface roughness increases in the CP 

samples when adding more PVA. The standard deviation for the CPG samples is the 
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smallest and it can be seen that the surface roughness also decreases when adding 

more glyoxal. 

  

Figure 11. The surface roughness of each sample calculated from AFM images. 

The surface AFM image of the C sample is shown in Figure 12. As expected, the 

surface topology of C is uneven and nanofibrils are randomly scattered. 

 

Figure 12. An AFM height image of C. 

In Figure 13 a, b and c, the surface AFM images for CP10, CP20 and CP30 are shown, 

respectively. In the CP sample, there are some more packed regions and the 

nanofibrils are less randomly organized compared to the C sample. The CP10 sample 

has much more height differences than the samples with more PVA. One reason 

might be that the NFC forms a tight network that covers the interparticle areas and 

the surface of the PVA particles, as mentioned by López-Suevos.  
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Figure 13. AFM height images of a) CP10, b) CP20 and c) CP30. 

The surface images for CP10G10, CP10G20 and CP10G30 are shown in Figure 14 a, b 

and c, respectively. The surfaces for the CPG samples are clearly smoother and more 

even than for the other samples obtained. It can also be noted that the more glyoxal 

added, the smoother the sample. In reverse to these results, Castro reports, that the 

presence of glyoxal does not affect the network structure in BC. 
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Figure 14. AFM height images of a) CP10G10, b) CP10G20 and c) CP10G30. 

4.3 Mechanical properties 

In Figure 15, the stress strain curves for the C and CP samples are shown. Although 

the C sample can be stretched 12 % more than CP20, the CP20 can endure higher 

stress condition. The tensile strength did though not increase by adding more PVA 

than 20%. It can also be seen from the graph that CP20 has the highest Young’s 
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modulus, which means that it is stiffer than the other sample. The strain values for 

TOCN reported in the literature are 3.2-9.9 %, as shown in Table 1, when comparing 

with the strain value for C it can be seen that it is significantly lower compared to the 

strain values reported in the literature. The decrease in strain could be caused by 

differences in production and drying.  

  

Figure 15. Stress strain curve of C, CP10, CP20 and CP30. 

The stress strain curve for C, CP10 and CPG are shown in Figure 16. The CP10G10 

sample can tolerate more stress than C and CP10, though the C sample can be 

stretched 30 % more than CP10G10. This means that the addition of glyoxal to CP10 

increases the strength of the material, but when adding more glyoxal both the stress 

and strain decreases. It can also be seen from the graph that the Young’s modulus is 

higher for the CPG samples than for C and CP10. Quero, Castro and Schramm 

reported a similar change when adding glyoxal in BC, the Young’s modulus increases 

and strength decreases. This might be caused because the presence of crosslinking, 

which reduces the layer-to-layer mobility and delamination, which means that the 

crosslinked materials are made more compatible with each other and the stress-

transfer is more efficient and the material does not deform as easily (Quero 2011).  
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Figure 16. Stress strain curve of C, CP10, CP10G10, CP10G20 and CP10G30. 

The tensile strength and Young’s modulus for each sample are shown in Figure 17. It 

can be seen here that the Young’s modulus is higher for CPG than for C and CP, which 

means that the CPG samples are stiffer (less elastic). The tensile strength does on the 

other hand not change considerably when modifying the TOCN, except for CPG where 

it gradually decreases when the amount of glyoxal is increased. It is in some cases 

more useful to have a material with higher tensile strength and lower Young’s 

modulus, because the material is more flexible and it does not break as easily, it can 

be used in applications like flexible printed electronics, displays, thin film transistors 

and packaging. A material with high Young’s modulus and low tensile strength can on 

the other hand be used in applications where the substrate needs to be a physically 

stable material, like humidity sensors, coatings, composites as well as some medical 

and electronic devices.  
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Figure 17. Tensile strength and Young’s modulus of each sample. 

4.4 Optical properties 

In Figure 18, the opacity and ISO brightness for each sample are shown. C is 

considerably less transparent than the modified TOCN samples. The CP sample is 

more transparent in case of enhanced PVA amounts, while the amount of glyoxal 

does not change the transparency significantly in the CPG samples. The modified 

TOCN samples are also brighter than C according to the ISO brightness scale. 

  

Figure 18. Opacity and ISO brightness of each sample. 

The light transmittance for the wavelengths between 200 and 1000 nm are presented 

for each sample in Figure 19. At 550 nm, the samples transmitted 85-88 % light. The 

addition of PVA in the TOCN allowed the sample to transmit more light and increasing 
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the amount of PVA resulted in elevated transmittance. The transmittance also 

increased by adding glyoxal to CP10 and by increasing the quantity of glyoxal the 

samples were even more transparent. There is a band shoulder phenomena for all 

the samples at approximately 250 nm, as a result of the C6 aldehyde groups, which 

are arranged as an intermediate structure when using TEMPO oxidation on C6 

primary hydroxyls. This band shoulder phenomena is strongest for C and it becomes 

weaker as more PVA is added in the TOCN. This is because of the aldehyde groups at 

C6 that cause the strong band shoulder for C and they are modified into ether bonds 

when the TOCN and PVA are bonded in the CP. Theoretically, the more PVA added 

into the TOCN, the more aldehyde groups are modified into ether groups. On the 

other hand, the addition of glyoxal does not change the band shoulder significantly.  

 

Figure 19. The light transmittance of each sample.  
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5 Conclusions 

The goal of this thesis was to study the effect of the crosslinking mechanism in 

surface, optical and mechanical properties on TOCN films using PVA or PVA and 

glyoxal to modify them. The modifications were analyzed by comparing the contact 

angle, surface roughness, tensile strength, Young’s modulus,  ISO brightness and light 

transmittance of the C, CP10, CP20, CP30, CP10G10, CP10G20 and CP10G30 samples.  

The contact angle improved significantly for the CP20 sample compared to C, but 

otherwise it did not change notably by adding PVA, while the addition of glyoxal 

decreased the contact angle. The addition of PVA made the surface clearly smoother 

and adding more glyoxal decreased the surface roughness nonlinearly.  

The tensile strength and Young’s modulus did not change notably when adding PVA 

compared to C, except for CP20 were the tensile strength increased significantly and 

the Young’s modulus increased somewhat. The Young’s modulus increased 

substantially when adding glyoxal compared to C and CP10, while the tensile strength 

first increased and then decreased as more glyoxal was added.  

The opacity and ISO brightness decreased considerably for the modified TOCN 

compared to C. The light transmittance at 550 nm was in the range of 85-88% for all 

samples. The addition of PVA increased the transmittance and as the more PVA 

added, the higher the light transmittance was obtained. On the other hand, the 

addition of glyoxal did not change the light transmittance significantly.  

The TOCN modified with PVA can be used in flexible electronics, like printed 

electronics, solar cells, thin film transistors and displays, because it is transparent, 

elastic and the surface is smooth. Modifying TOCN with PVA and crosslinking this 

system with glyoxal gives more stiffness, transparency and lower surface roughness, 

making it useful in applications like in humidity sensors, OLEDs, composites, medical 

and electronic devices.   
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