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Abstract
In this thesis, Atomic Force Microscopy (AFM) is used to characterize Micro Fibrillated
Cellulose (MFC) produced by two different methods according to their size and shape.
For one of these MFC-types, their interaction with the humidity in the atmosphere is
investigated and their swelling is calculated.
MFC is a relatively new material based on cellulose fibres extracted from wood.
This study is performed in co-operation with Stora Enso research centre. Stora Enso
is a renewable material company which uses mostly wood based raw materials in their
production.
The measured swelling is ∼ 5 % and depends on the number of elementary fibrils included in the fibre.

Sammanfattning
Atomkraftmikroskopi (AFM) har använts för att karakterisera Mikro Fibrillerad Cellulosa (MFC), som är producerad med två olika produktionsmetoder, med avseende
på deras storlek och form. För en av dessa MFC-typer så är deras påverkan av en
varierande fuktig atmosfär undersökt och deras svällning är uträknad.
MFC är ett relativt nytt material baserat på cellulosafibrer från trä.
Detta examensarbete är utfört i samarbete med Stora Enso forskningscentrum. Stora
Enso är ett företag fokuserat på förnyelsebara material som använder mestadels träbaserade
råmaterial i deras produktion.
Den uppmätta svällningen är ∼ 5 % och beror av antalet elementära fibriller som ingår
i fibern.
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1

Introduction

Micro Fibrillated Cellulose (MFC) is an interesting and relatively new material made
from cellulose fibers. It consists of fibres similar to the paper fibres found in pulp
from wood, but here the fibres have been divided into smaller constituents which give
the material its unique properties. The material was invented during the early 80s
and there were many areas for desirable applications, spanning from light and strong
construction materials to reinforcement fibres in nano-composite materials and even
as added ingredients in foods [8], [5]. But the high energy consumption during the
manufacturing of MFC at that time made the production unprofitable and there was
no commercial success.
After a couple of years, by the rise of nanotechnology and the interest of nano materials, MFC research became popular again. Due to their high strengths and small
cross sections, MFC fibres can be applied in composite materials to increase strength
[15] or in MFC films where they give good barrier properties, for example low oxygen
permeability [13] [14].
According to the newly increased MFC research, new more energy efficient production
methods were invented. For example the methods developed by Mikael Ankerfors, [5]
which have been used for producing the MFC investigated in this study.
This study is performed in co-operation with Stora Enso research centre. Stora
Enso is a renewable material company with mostly wood based raw materials in their
production and naturally, studies on new wood based materials is of importance.
Here MFC produced by two different methods are investigated and characterized with
respect to their shape and size in a statistical manner. For one of these MFC types,
their interaction with humidity in the atmosphere is investigated with respect to size
variation, i.e. swelling.
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Background

Issues: Statistically, are there any differences in properties, such as size and hierarchy
structure comparing MFC produced by different methods?
What happens with the MFC fibres in a humid atmosphere, do they swell? Does the
humid atmosphere influence the interaction with the AFM tip?
Is it possible to measure, qualitatively and quantitatively, MFC swelling due to a humid
atmosphere with AFM?
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2.1

Cellulose

Cellulose is a biological material with high strength and stiffness. It is naturally occurring in the cell wall of many plants and even bacterial organisms where it gives
them their strengths. It is commonly found in wood which contains between 50% up
to ∼ 100% depending on the species [8].
There are mainly three different kinds of cellulose materials naturally occurring in
plants. These are cellulose, hemi cellulose and lignin. Cellulose and hemi cellulose
make up small fibres that are held together with lignin that works as a glue, see f igure
2. The smallest fibres observable by the eye are what’s usually referred to as cellulose
fibres. This are the fibres used when making paper, f igure 1.
The cellulose consists of polymer chains
that can form both crystalline and amorphous
parts. The cellulose crystals are made up by
cellulose polymer chains, these crystals are
bunched and held together with hemi cellulose. Hemi cellulose has less structure and behaves more like a macro molecule. The structure can be compared with the crystalline
grains and grain boundaries in a metal. Except that here, the crystals are extruded in
one direction and the polymer chains can extend through several crystalline and amorphous regions. This structure is shown in Figure 1: Cellulose fibres in paper. Image
from [2].
f igure 2.

Figure 2: Hierarchical structure in cellulose fibres, from cell wall down to molecular structure. Image
from [12].
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2.2

Micro Fibrillated Cellulose, MFC

Micro Fibrillated Cellulose refers to cellulose fibrils obtained when the wood fibres are
shredded into much smaller components than the fibres in for example paper. As a
comparison, when making pulp from a tree, the diameter of the trunk is about ∼ 40cm
and the diameter of the pulp fibre is ∼ 40µm. That’s a decrease by ∼ 4 orders of
magnitude. The MFC fibres obtained from pulp have a diameter of ∼ 4nm, that’s
again a decrease by ∼ 4 order of magnitude [9].
The MFC fibres are made up of bunches of cellulose polymer chains that extends
through several crystalline and amorphous regions described previously, see f igure 2.
Considering the diameter of the fibres, MFC is actually a nano material, although for
historical reasons the material is still somewhat confusingly referred to as a micro material.

2.2.1

MFC production methods

MFC is produced out of pulp. The pulp is exposed to high shear forces by passing it
through a high pressure homogenizer. The principle of a high pressure homogenizer
is to let the fluid pass through a tiny spring loaded slit, thereby the required high
pressure. A schematic view of the working principle of a high pressure homogenizer is
given in f igure 3.

Figure 3: Schematic view of the working principle of a high pressure homogenizer. Image from [1].
This process creates a gel-like material made up by fibrillated cellulose fibres, but
in order to obtain a smooth gel with equally sized micro fibrils, the pulp needs to
pass through the homogenizer several times at very large pressures. This production
method requires large amounts of energy, in the order of 27000 kW h/tonne [5].
New methods are developed that consumes less energy. In these methods the pulp
7

fibres are pre treated in different ways before the homogenization to facilitate the fibrillation and thereby fewer passes through the homogenizer are required.
In this study, MFC fibres from two different pre-treatment methods of the pulp are
investigated; carboxymethylation and enzymatic pre-treatment. These pre-treatment
methods are described briefly below. For details, similar MFC production methods are
described in [10] and [9].
Carboxymethylation: This pre-treatment is a chemical method that adds carboxyl, -COOH, side groups to the fibre surface. The carboxyl side group contains oxygen with large electronegativity that attracts electrons and makes the polymer chain
bundles electrically charged. These charges give rise to repelling electrostatic forces
between the polymer chain bundles, helping them to split from each other during the
homogenization creating micro fibrils [10]. In this text, these fibrils are referred to as
CM-MFC.
Enzymatic pre-treatment: This pre-treatment uses catalytic enzymes that works
as biological scissors, helping the cellulose micro fibrils to split from each other during
the homogenization [9]. Here, these fibrils are referred to as MFC-1, -2 and -3 depending on where in the production process they are taken from. For example the number
of passes through the high pressure homogenizer. MFC-3 is the complete product.
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3
3.1

Method
Sample Preparation

The MFC fibres are produced at Stora Enso research centre in Karlstad. They are
delivered in a 0,05 weight % deionized water dispersion and this solution was then spin
coated onto silicon substrates. The silicon substrates were RCA-cleaned [16] before
the spin coating to obtain a hydrophilic surface. A hydrophilic surface is needed for
the water-based dispersions to wet the surface. RCA-cleaning is a standard procedure
when cleaning silicon substrates.

3.2

Atomic Force Microscope, AFM

Atomic Force Microscope, or AFM, is a microscope that is used to study the surface of a sample.
It uses forces, described
later on, and an atomic resolution is obtainable in the best case.
The advantage
of AFM is that it can be used to study
all kinds of surfaces, even electrically insulating materials, to obtain mechanical information of the surface.
One of the disadvantages of the AFM is that it is a very local technique.
There is no possibility to
study a large area and then zoom in on
an interesting area, like for example in the
SEM.
The AFM used in this study is a NanoScope IIIa
from Digital Instruments. It is shown in f igure
4.
AFM basic principles: The basic principle Figure 4: The AFM used in this study.
of an AFM is that a small cantilever with a tiny
tip at the end is used to scan the surface of the sample, similar to a gramophone,
f igure 5. The interaction of the tip with the sample affects the forces on the cantilever
and hence its deflection. The deflection can be measured and used to obtain an image
of the scanned surface.

9

Figure 5: Scanning Principal of the AFM
When obtaining a good AFM image there are a couple of principal control parameters that has to be changed by the operator. These principal control parameters are:
image size, image position, scanning resolution, scanning speed and gain [4].
The AFM is a complex instrument that includes several components and technical
solutions that needs to perform well for a good image resolution. Some of these are
insulation of the instrument from external vibrations and noise, the scanner, the cantilever, the deflection measurement, the tip sharpness and the feedback control circuit.
 There are several methods used to measure the cantilever deflection. One effective
and simple way is to let a laser beam be reflected off the backside of the cantilever,
opposite to where the tip is located. The laser beam then hit a photo sensor that
is sensitive to the hitting position, see f igure 6. The deflection of the cantilever
is then known and the interacting force can be calculated from the cantilever
stiffness.

Figure 6: Principal scetch of the reflected laser beam method osed to measure the AFM cantilever
deflection. Image from [3].

 One important drawback for the resolution is the problem with external vibration
and noise. This problem can be solved in many different ways. The instrument
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can for example be suspended in springs where the resonance frequency of these
springs are separated by orders of magnitude from the frequency of noise and
external vibrations as well as the resonance frequency of the cantilever.
 The scanner is the unit that controls the relative position of the tip and the
sample. This is often realized by using a piezoelectric tube scanner. The tube
scanner is a compact unit that controls the displacement of the tip relative to the
sample in all three directions, both the surface plane and the height. The tube
scanner is made from a piezoelectric material where electric fields are applied to
its different sides, making it bend in different directions and expand or retract.
A long tube scanner has a large scan area but poorer lateral resolution, and vice
versa.
 The scanning resolution is the number of scanned lines used to obtain the image.
 For the best possible resolution the tip needs to be as sharp as possible since
the smallest obtainable sample structure is limited by the sharpness of the tip,
f igure 7. The sharpness of the tip limits the resolution only in the scanning
plane and not in the height measurement.

Figure 7: The possible resolution of the obtained AFM scanning profiles are limited by the sharpness
of the AFM tip. All three samples give almost the same scanning profile, the profile of the tip.

 The feedback circuit controls the height between the tip and the surface and
hence the cantilever bending, to minimize the risk that the cantilever crashes
into surface features during scanning. The feedback circuit registers the level of
a specific parameter that is used as the input signal, compares it with the setpoint
level that is predetermined by the operator, and calculates the error. The error is
the difference between these two values. An output signal is sent to the z-control
unit to adjust the tip sample height, i.e. scanner length, to minimize this error.
The magnitude of the output signal depends on the size of the error and the gain
level [4].
 The gain level is a value of how ”fast” the feedback circuit reacts to an incorrect
input signal, it is adjusted by the user to obtain good resolution. The gain level
needs to be adjusted depending mainly on sample roughness and scanning speed.
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AFM Forces: There are several types of forces involved in the interaction between
the tip and the sample. These are usually divided into the following four main types,
ordered from long to short range [7]:
- Cantilever spring force
- Electrostatic forces
- Van der Waals forces
- Capillary forces
- Contact forces, overlapping electron orbitals
 The cantilever spring force is the restoring force of the cantilever which can be
approximated with the conservative force of a linear spring (proportional to the
displacement).
 The electrostatic force is an attractive conservative force between the tip and the
sample of relatively long range, it reaches outside the surface but not as long as
the amplitude in intermittent contact mode.
 The Van der Waals force is an attractive conservative force of relatively short
range that arise from spontaneous polarization of the atoms or molecules when
they get close to each other.
 The capillary force comes from the thin water layer on top of the sample, present
due to the humidity in the atmosphere, when the tip is in contact with the sample.
This capillary force is non-conservative due to the capillary neck that arises when
the tip moves away from the sample, see f igure 8.

Figure 8: Capillary Neck between AFM tip and sample.
 The contact force is the strong repulsive force of very short range that appears
when the tip is in physical contact with the sample due to overlapping electron
orbitals. It is this force that gives rise to friction and is therefore non-conservative.
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The attractive electrostatic force and the repulsive contact force can be obtained
as the derivatives of the Lennard-Jones potential from the surface, f igure 9.

Figure 9: Lennard Jones potential from the surface.
AFM operation modes: The AFM can be operated in several different modes.
In each mode the image can be obtained in different ways. The physics of the cantilever
is different for the different modes, and the feedback circuit takes different values as
the input signal. The input signal can for example be the deflection in contact mode,
and amplitude or frequency in dynamic mode.
The simplest mode is contact mode where the tip stays in constant contact with
the surface while scanning and the cantilever deflection is registered continuously. The
feedback circuit takes the deflection as the input signal and tries to maintain constant
cantilever deflection and hence constant interaction force.
By plotting the height control signal for each pixel position of the scanned surface, an
image representing the surface topography is obtained.
In the dynamic modes, the cantilever oscillates near the resonance frequency. The
motion is similar to that of a damped driven harmonic oscillator [6] except that electrostatic and possibly capillary and contact forces from the sample perturbs the motion.
The line scan mode is an effective AFM method used when adjusting the control
parameters is to scan over the same line of the sample repeatedly and investigate how
the image line changes as a result of the changed control parameters.
The AFM operation mode used in the measurements in this work is the intermittent
contact mode which is a dynamic mode where the feedback circuit takes the cantilever
oscillation amplitude as the input signal. This is a rather complex dynamic mode and
is described in more detail in the following section.
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3.2.1

AFM Intermittent contact Mode

The AFM intermittent contact mode is a dynamic mode where the cantilever oscillates
above the surface of the sample at a distance so that the cantilever just touches the sample during the oscillation. All kinds of interaction forces are therefore of importance.
The oscillation of the cantilever is stimulated by a piezoelectric crystal that vibrates
according to an applied alternating voltage, and damped by the atmosphere, f igure 10.

Figure 10: Oscillation of AFM cantilever used in Intermittent contact mode.
In intermittent contact mode there are further important control parameters [4]
namely;
- Drive frequency, drive amplitude and amplitude setpoint.
Furthermore there are new important concepts and quantities to consider [4], such as;
- Resonance frequency, free oscillation amplitude and phase.
 Drive amplitude is the amplitude of the alternating voltage applied to the driving piezo crystal, measured in mV . Larger drive amplitude stimulates larger
oscillation of the cantilever.
 Free oscillation amplitude is the amplitude of the cantilever oscillation when it
is lifted off and no interaction forces from the sample perturbs the motion. It is
measured in V because of the cantilever deflection measurement, but there is a
connection to the physical oscillation measured in nm.
 Amplitude setpoint is the setpoint value for the cantilever oscillation amplitude
that the feedback circuit tries to maintain, by changing the cantilever height
above the sample. It is the presence of the sample that restricts the oscillation
amplitude.
 Resonance frequency is the free oscillation frequency of the cantilever when no
sample interaction is present, measured in kHz.
 Drive frequency is the frequency of the alternating voltage applied to the piezo
crystal that drives the cantilever, i.e. the obtained oscillation frequency.
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 Phase is a measure of the cantilever oscillation delay, compared to the alternating
voltage applied to the driving piezo crystal. It is measured in degrees (measured
delay time in seconds multiplied by the drive frequency and 360) [4].

When the oscillating cantilever first approaches the sample the free oscillation amplitude increases and the resonance frequency decreases. The cantilever and tip become
attracted by the increasing electrostatic forces from the sample surface in the lower part
of the oscillation. This force increase the downward deflection of the cantilever, letting
it spend more time during one oscillation cycle and therefore decrease the resonance
frequency f igure 11.

Figure 11: Oscillation of AFM cantilever above and near the surface.
As the oscillating cantilever continues the approach, the tip starts to hit the sample. Because of the hitting and the energy loss due to non-conservative capillary and
contact forces, the oscillation amplitude decreases. The energy loss due to the creation
of a capillary neck from the thin water layer can be shown as a hysteresis loop in the
modified Lennard Jones potential curve, f igure 12.
The feedback circuit takes amplitude as the input signal, and as output it adjusts the
cantilever height above the sample surface to maintain constant amplitude, the setpoint amplitude. This setpoint amplitude needs to be large enough to prevent that
the capillary forces causes the tip to stick to the sample surface. When the oscillation
amplitude is large, the restoring force from the cantilever is large in the turning points
[6].
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Figure 12: Hysteresis loop in the potential curve between the tip and sample due to the creation of
a capillary neck when the tip retracts from the sample.

In intermittent contact mode the image is usually obtained from height, phase or
amplitude.
 The height image is obtained from the signal applied to the z-control piezo in the
scanner to maintain a constant amplitude, similar as in contact mode.
 The amplitude image shows the amplitude. It should be constant and equal to
the setpoint amplitude for the whole image. The deviation from the setpoint
amplitude gives information about abrupt changes in the surface properties and
about how well the feedback circuit works [4].
 The phase image is a little bit more complicated. The contrast in this image
comes from different material properties of the sample as well as abrupt height
changes. Energy losses from the oscillation when the tip touches the surface
causes the phase of the cantilever oscillation to lag behind the driving voltage
phase. It is the amount of lag that gives the phase image, usually in degrees [4].
The energy losses during the sample hitting depends on how elastic/inelastic the
surface is as well as the thickness of the water layer, creation of a capillary neck
f igure 8.

3.3

AFM in controlled atmosphere

To run the AFM in a controlled atmosphere, there are two main problems that needs
to be solved. One is to create the desired atmosphere and the other is to keep the
AFM safely in it.
In this study, the desired atmosphere to work with is air with adjustable relative
humidity level. This air is created by a humidity generator and the humid air is kept
around the AFM using a specially designed chamber made out of perspex.
The equipment used is described in the two following sections.
The increased relative humidity level will increase the thickness of the water layer at
the silicon substrate, and will also affect the cellulose fibres.
16

3.3.1

Humidity generator

The humidity generator belongs to Stora Enso research centre and is borrowed especially for this study. It can create air with arbitrary relative humidity. It uses an air
dryer for dry air and air from an water bucket for humid air. The dry and wet air are
mixed to obtain the desired humidity. The air dryer and water bucket are connected
together to the air outlet and the air flows are controlled by valves that are connected
to the control software. By changing the setpoint level in the control software, the
outgoing humidity level changes and after a couple of minutes, the humidity level in
the chamber has stabilized to the desired level. An image of the humidity generator is
shown in the left part of f igure 13.
3.3.2

Air container

The chamber used to keep the special atmosphere around the AFM is made out of
perspex. It has three connections, one for air inlet, one for air outlet and the last
one is connected to the humidity measurement probe. An image of this special AFM
chamber is shown in the right part of f igure 13.

Figure 13: Humidity generator and air container used in this study to create and keep the special
atmosphere around the AFM.
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3.4

Image analysis

The AFM images taken in this study are analyzed to find answers to the questions
given in section 2. The sought numerical information about the MFC fibres, i.e. height
and width statistics, are primary obtained from height profiles across the fibres, performed in the AFM image analysis program. However, the obtained profiles shape and
height are strongly dependent on where on the sample they are taken. To get rid of
this source of error and make it possible to analyze hundreds of fibre profiles, to give
good statistics, an automatic image analysis method is used.
The first part of this method uses a few processing steps of the AFM image that is
performed in the AFM software program WSxM [11]. The next part of the analysis
method is developed in MATLAB where a program is constructed that takes the processed WSxM image together with some general fibre information, and give the desired
fibre statistical information as the output.
There are two versions of the image analysis method used in this study, they are called
”one fibre” and ”several fibres”. Method one fibre is used when analyzing the swelling
of the fibres, it records several images from different conditions but all showing one
and the same fibre. Method several fibres is used to get statistical information about,
for example, the heights of the fibres. It records only one image at the time, but an
image containing several fibres, thereby the name of the method.
The structures of the MATLAB programs are described in the sections 3.5 and 3.6.
The WSxM parts of the analysis methods is described here.
WSxM image processing for ”one fibre”: The AFM image is plane corrected
to get rid of over all inclination. If a scanned line from the AFM is bad, for example
if a door was slammed during that scan, that image line is replaced by the average of
the scanned lines above and below. In the next step, the zoom tool is used to obtain
an image containing only the fibre of interest, and the image is rotated until the fibre
aligns with the y-axis. The last step in WSxM is the conversion of the image to a
format that can be read by MATLAB. This format is ASCII XYZ, a text file with
numbers giving the information about heights and pixel positions, both values in nm.
Besides these transformations of the image, some additional information about the
fibre of interest that is needed for the MATLAB calculations is also obtained. The
additional information is maximum height, minimum height and maximum width of
the fibre.
WSxM image processing for ”several fibres”: This method is similar to the
previous one, except that no zoom tool or rotation of the image is performed.
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3.5

Statistical Image analysis, one fibre

The MATLAB analysis program ”one fibre” takes several images of the same fibre and
additional fibre information i.e. height and width and the relative humidity levels for
the images as the input, performs the same calculations for each image and gives the
results together with a linearly fitted trend as the output.
For each image, the program takes all pixel-lines perpendicular to the fibre and check
if they have the desired shape, i.e. fulfils the general fibre information about maximum
width and minimum and maximum height. If so, this pixel line is probably a line scan
across the fibre. This check is done to separate the maximum heights of the fibres from
the maximum heights of the background noise.
For the obtained line scans across the fibre, the program fits a straight line to the
background besides the fibre and uses this as a reference for the fibre height measure.
From the profile and obtained height, ”one fibre” calculates the FWHM, e.g. Full
Width at Half Maximum. The physical properties of FWHM from a profile and the
height measurement method with linear fitting of the background, described above, is
shown in f igure 14.

Figure 14: Height and Width measurement method applied to a scanned MFC profile.
When all the profiles of the fibre are obtained, the program calculates the mean profile, the mean height, the mean width as well as the standard deviation for these values.
As the output, the program returns the desired height and width values for all the
images in a table together with a trend that possibly gives the mean height increase
as a function of relative humidity, i.e. the swelling. The swelling dependence is not
calculated for the width of the fibre because the width measured by the AFM is strongly
influenced by the shape of the AFM tip, see f igure 7.

19

3.6

Statistical Image analysis, several fibres

The MATLAB analyze program ”several fibres” takes one image as the input together
with the additional input information, i.e. maximum fibre width and minimum and
maximum fibre height, calculates the desired mean values of the fibres and return
them as the output. The program several fibres has some parts common with the
program one fibre, and some parts that differs. The common parts is the method used
to calculate the heights and widths from the obtained fibre profiles, f igur 14. The
different parts of the programs are different in how the fibre profiles are obtained and
the calculations performed to give the output information.
The fibres can be located anywhere on the sample and in any direction, so there are
no pixel lines they align. The positions for possible fibre profiles on the image are
obtained by random. For a small area around each position the program searches for
the local maximum. It makes a profile through the maximum and check if the profile
have the desired shape described in section 3.5, shown in f igure 14. It also checks that
the fibre lies alone at the investigation position. A wrong height information would be
obtained if the fibre, for example lie on top of another fibre.
If all these demands are fulfilled the profile is stored, but with a correction of the width
because of the rotation of the fibre. This process repeats until the desired number of
profiles are obtained.
From the obtained profiles, the program calculates the mean profile, mean height, mean
width and standard deviations for these values and returns them as the output.
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4
4.1

Result
Characterisation of MFC

As a first result, the differences between the MFC fibres from different production
methods are investigated. AFM height images of MFC-1, MFC-2, MFC-3 and CMMFC are shown in f igure 15, (a to d).

(a) MFC-1

(b) MFC-2

(c) MFC-3

(d) CM-MFC

Figure 15: AFM height image (2, 5µm × 2, 5µm). General images of MFC produced with different
methods, described in section 2.2.1.

The images of the MFC-1, -2 and -3 samples look quite similar. Both small straight
fibres as well as longer wider ones. One major difference between MFC-1, -2 and -3 is
that there is a greater amount of short and straight fibres in the MFC-3 sample. The
image of the CM-MFC sample looks quite different. Almost all fibres are of same size
and are evenly distributed on the substrate.
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The sizes of the fibres from the CM-MFC and MFC-3 samples are shown in f igures
16 and 17.

Figure 16: AFM height image of CM-MFC, (4µm × 4µm) together with height profiles. Left: AFM
image of CM-MFC fibres from two different size categories. Right: height profiles of fibres with
different size, large fibre blue (profile 1) and small fibre red (profile 2).

Figure 17: AFM height image of MFC-3, (5µm × 5µm) together with height profiles. Left: AFM
image of MFC-3 fibres from three different size categories. Right: height profiles of fibres with
different size, large fibre green (profile 3), intermediate fibre blue (profile 4) and small fibre red
(profile 5).
The CM-MFC sample, f igure 16, consists mostly of small curved flexible fibres
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with a height of approximately 1 − 3 nm, profile 2. There is also a portion of wider
and higher fibres, which are straight with sharp angles, compared to the small ones.
These fibres have heights of approximately 4 − 8 nm, profile 1.
The fibres in the MFC-3 sample, f igure 17, are in general higher than the fibres
in the CM-MFC sample. The height distribution can be divided into three main categories; Large, Intermediate and Small. The large fibres are straight, bent in angles
and with heights between 10 − 16 nm, profile 3.
The intermediate fibres are short and straight with lengths up to ∼ 600 nm, or bent
in angles. Their heights are between 5 − 9 nm, profile 4.
The small fibres are short and curved. Their lengths are somewhat longer than the
short intermediate fibres and their heights varying between 1 − 4 nm, profile 5.
The subdivision of heights of the MFC-3 fibres into at least two different categories
is shown in f igure 18.

Figure 18: AFM height image of MFC-3, (800nm × 600nm) together with a height profile. Left:
AFM image of MFC-3 from two different height categories. Right: a line scan along a MFC-3 fibre
indicating that the fibre height changes abruptly from a large height to a small height.

The upper part of the investigated fibre has a height of ∼ 12 nm and belongs the
category of large fibres, while the lower part has a height of ∼ 6 nm and belongs to
the category of intermediate fibres, see profile 6.

4.2

Statistical image analysis

The heights and widths of the fibres of the CM-MFC sample and the MFC-1, -2 and -3
samples are investigated in a statistical manner with the method described in section
3.6.
The analyzed AFM images of the four samples CM-MFC, MFC-1, -2 and -3 are shown
in f igures 19, 20, 21 and 22 in the corresponding order where the positions on the images for the analyzed height profiles are represented as green lines. The mean profiles
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(blue) and standard deviations (grey) obtained from these profiles are shown in f igure
23.

Figure 19: AFM height image of CM-MFC, (1µm × 1µm), used for the statistical determination
of the height and width of the CM-MFC fibres. The 300 green small straight lines correspond to the
positions for the height profiles used in the calculations. The obtained results are given in table 1 and
f igure 23a.

Figure 20: AFM height image of MFC-1, (1µm × 1µm), used for the statistical determination of the
height and width of the MFC-1 fibres. The 300 green small straight lines correspond to the positions
for the height profiles used in the calculations. The obtained results are given in table 1 and f igure
23b.
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Figure 21: AFM height image of MFC-2, (1µm × 1µm), used for the statistical determination of the
height and width of the MFC-2 fibres. The 300 green small straight lines correspond to the positions
for the height profiles used in the calculations. The obtained results are given in table 1 and f igure
23c.

Figure 22: AFM height image of MFC-3, (1µm × 1µm), used for the statistical determination of the
height and width of the MFC-3 fibres. The 300 green small straight lines correspond to the positions
for the height profiles used in the calculations. The obtained results are given in table 1 and f igure
23d.
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(a) CM-MFC

(b) MFC-1

(c) MFC-2

(d) MFC-3

Figure 23: Mean Profile and standard deviation for CM-MFC, MFC-1, MFC-2 and MFC-3 fibres.
The investigated profiles are obtained from the positions of the green straight lines in f igure 19 for
CM-MFC, in f igure 20 for MFC-1, in f igure 21 for MFC-2 and in f igure 22 for MFC-3. Here the
black straight lines at the bottom are the reference level for the substrate surface, the blue profiles
are the mean profile of the investigated fibres and the grey area represents the standard deviation for
the profiles of the investigated samples.

The mean heights and mean widths together with the standard deviation for the
analyzed images f igure 19, 20, 21 and 22 are shown in table 1.
Table 1: Statistical height and width values for the fibres from the CM-MFC, MFC-1, MFC-2 and
MFC-3 samples, shown in f igures 19, 20, 21 and 22.
Mean Height (nm)
CM-MFC 1.95 ± 0.7
MFC-1
4.84 ± 1.8
MFC-2
5.50 ± 2.6
MFC-3
6.24 ± 2.3
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Mean Width (nm)
16.6 ± 4.1
21.0 ± 6.3
18.5 ± 7.5
22.3 ± 8.8

4.3
4.3.1

Swelling of MFC in a humid atmosphere
Qualitative analysis

A first result of varying the relative humidity of the atmosphere to which the fibres are
exposed, and in which they are measured, in the AFM chamber is shown in f igure 24.
The left part of f igure 24 shows a line scan over the fibres 8, 9 and 10 from f igure 25
where the time increases downwards in the image. During the increased time, totally
∼ 8 min, the relative humidity is adjusted from ∼ 80% RH down to ∼ 15% RH and
then up to ∼ 80% RH again.

Figure 24: Drift and swelling effect of relative humudity adjustment. The left part shows a line scan
(646nm) over fibres 8, 9 and 10 from f igure 25. Time increase downwards, total time ∼ 8 min, and
RH changes from 80 % down to 15 % and then up to 80 % again. The blue (upper) and red (lower)
height profiles in the right part corresponds to 80% RH (blue) and 15% RH (red).

When the relative humidity level decreases the fibres drift to the left, become narrower and the height decreases. This is seen when comparing the height profiles, (blue)
for 80 % RH and for 15 % RH (red) in f igure 24, right part. When the relative humidity level increase again, the lowest part of f igure 24, the fibres drift back to their
original position.
4.3.2

Quantitative analysis

The effect of humid atmosphere is investigated in a quantitative manner for MFC-3.
Image series with varying relative humidity are obtained at four different positions on
the MFC-3 sample. For each image, the measured swelling is investigated for a number
of fibres. The investigated fibres and their positions in the AFM images are shown in
f igure 25, where they are enumerated from 1 to 11. The relative humidity levels for
the image series and the fibres they contain are given in table 2.
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Figure 25: AFM height image of MFC-3. The swelling calculation method described in section 3.5
is performed for each of these 11 fibres. The obtained result is given in table 4 and f igure 30.

Table 2: Relative humidity levels used for the swelling calculation of the eleven fibres shown in
f igure 25. The calculation method is described in section 3.5.

Fibres
1, 2, 4
3
5, 6, 7
8, 9, 10
11

Relative humidity levels (% RH)
1 13.5 24.5 33.5 49 56.5 67.5
13.5 24.5 33.5 49 56.5 67.5
1 14.5 24.2 34 46 56.5 67.6 77.9
6.8 25.5 40.9 77.7 77.8
10 81

For each of these investigated fibres, the analysis method described in section 3.5
are performed. Step by step results for the method are given here below for fibre 6. The
over all results for all fibres are given in table 4 and f igure 30 at the end of this section.
Step by step results for fibre 6: A zoomed in AFM image of fibre 6 together
with a 3D MATLAB image of the same fibre with 89 green horizontal lines through its
maximum height points are shown in f igure 26. The height values obtained from these
lines are represented as a histogram together with mean height and standard deviation
in f igure 27.
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(a) Fibre 6

(b) 3D plot of fibre 6

Figure 26: MFC-3 Fibre 6, statistically height measurement method used in MATLAB. Left: AFM
height image of fibre 6 (130nm×350nm). Right: MATLAB 3D plot of fibre 6. The green straight lines
correspond to the measured height values of the fibre used in the statistical fibre height calculation.

Figure 27: Histogram representing the height values for fibre 6 obtained from the green lines in
f igure 26b, together with mean height and standard deviation.

These measurements are performed for all the relative humidity levels given in
table 2 and the mean profiles, mean heights, mean widths and standard deviations are
calculated and represented in table 3 and f igure 28. In F igure 28a a linear fit of the
mean height dependence on the relative humidity are shown and H50 is calculated from
this linear fit. H50 is defined as the fibre mean height in 50% RH, if the fibre mean
height follows the linear fit.
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Table 3: Statistical height and width values with standard deviation for fibre 6, MFC-3, in different
relative humidity levels.

Relative humidity Height
(% RH)
(nm)
1.0
6.68 ± 1.24
14.5
6.62 ± 1.23
24.2
6.69 ± 1.26
34.0
6.76 ± 1.29
46.0
6.77 ± 1.32
56.5
6.87 ± 1.24
67.6
7.12 ± 1.30
77.9
6.93 ± 1.33

(a)

Width
(nm)
26.6 ± 2.2
26.6 ± 2.4
26.7 ± 2.3
27.0 ± 2.7
26.9 ± 2.6
26.8 ± 2.4
26.7 ± 2.7
27.0 ± 2.7

(b)

Figure 28: Left: MFC-3 fibre 6, plot of the values in table 3. Mean hight (black cross) and standard
deviation (vertical grey lines) in different relative humidity levels. The red line is a linear fit and H-50
is defined as the fibre mean height at 50% RH along this linear fit, shown graphically in the figure.
Right: The mean profile for fibre 6 in the investigated relative humidity levels (left). Similar as
in f igure 23 except there are no standard deviation here. Red profiles (low) represent low relative
humidity levels and blue profiles (high) represent high levels.

The slope of the linear fit, red line in f igure 28a, gives an indication of the swelling
of the fibre in different relative humidity levels. To be able to compare this value with
the corresponding value for other fibres with different height, the height values and
hence the slope of the linear fit is divided by the mean fibre height at 50% RH i.e.
divided by H50 . A comparison of the swelling of fibre 6 with fibres 5 and 7 (from f igure
25) are shown in f igure 29.
No width dependence of fibre 6 on the relative humidity level, i.e. no linear fit of the
widths, are calculated because the measured fibre width is strongly influenced by the
shape of the AFM tip, f igure 7. But for comparison, the mean width of the fibre
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profile is calculated from all the widths given in table 3. This width is given in table 4
together with the mean widths for all the other investigated fibres.

Figure 29: MFC-3 fibre 5, 6 and 7 from f igure 25. Mean heights in different relative humidity
togrther with a linear fit of the height dependence on relative humidity, fibre 5 green, fibre 6 red and
fibre 7 blue. All height values are divided with the height at 50% RH (according to the linear fit).
For actual height values, see table 4.

Over all results: The calculation steps showed in detail for fibre 6 above are performed for all the 11 analyzed fibres in f igure 25. The result of these calculations are
given in table 4 below. Observe that the swelling is calculated only for the dependence
of the fibre height on the relative humidity level, the width values of the profiles are
given as a mean value for comparison between different fibres.
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Table 4: Swelling and height of the 11 analyzed fibres from f igure 25. H50 is the mean fibre height
at 50% RH. The swelling is defined as the height increase per increased relative humidity level,
normalized by H50 .

Fibre
1
2
3
4
5
6
7
8
9
10
11

Width
(nm)
20.71
22.02
42.46
41.44
22.82
26.80
38.30
25.74
30.18
26.69
35.12

FWHM

Height at 50% RH
(nm)
3.59
3.84
8.80
13.64
4.66
6.86
10.92
4.91
5.40
5.89
9.68

Swelling
∆H
( H50 ×∆RH(%)
× 104 )
4.08
4.36
8.08
5.11
4.78
7.57
5.80
3.65
9.27
7.15
23.0

∆H
The swelling values given in table 4 are between ∼ 4 and ∼ 9 ( H50 ×∆RH(%)
× 104 ),
except the last one that is 23. This value is excluded in the next figure that gives
a connection between the measured fibre height and calculated fibre swelling. This
connection is shown in f igure 30.

Figure 30: Swelling dependence on the heights of the fibres (H50 defined in f igure 28a). The
numerical values in this plot are given in table 4.
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5

Discussion

5.1

Discussion fibre characterization and statistical image analysis

The fibres produced by different methods are compared according to similarities and
differences. The small fibres of the CM-MFC sample are similar in size and shape to
the small fibres of the MFC-3 sample, as seen by comparing profile 2 from f igure 16
and profile 5 from f igure 17.
The large fibres of the CM-MFC sample are similar in profile size to the intermediate
fibres of the MFC-3 sample, as seen by comparing profile 1 from f igure 16 and profile
4 from f igure 17. But one difference between these fibres is their lengths. In CM-MFC
the fibres are long and bent in angles while in the MFC-3 sample, most of the fibres
are short and straight except some of them which are longer and bent in angles.
The shape of the large fibres of the CM-MFC sample are similar to the shape of the
large fibres of the MFC-3 sample, compare f igure 16 and f igure 17. But there is a
considerable difference in their heights, compare profile 1 and profile 3.
The different size categories of the fibres and their shape on the sample may for example depend on the number of elementary fibrils that are included in the fibre.
The subdivision of the fibres into different size categories are also described in [9].
From the statistical image analysis of the different samples, there are some similarities and differences for the obtained results in table 1.
 The size of the CM-MFC sample is much smaller than the MFC-1, -2 and -3
sample that have approximately the same size.
 The uncertainty of the CM-MFC fibre widths are smaller compared to the uncertainty of the MFC-1, -2 and -3 sample widths.
 The height/width ratio of the CM-MFC fibres are about half the height/width
ratio for the MFC-1, -2 and -3 fibres.

The observation that the CM-MFC fibres are smaller than the MFC-1, -2 and -3
agree with the observations given above about the size of the fibres in f igures 16 and
17. The uncertainty in the obtained fibre heights and widths is strongly dependent
on the sizes of the fibres included in the analyzed image. The fibres of the analyzed
CM-MFC sample, f igure 19, all belongs to the same size category, described in section
4.1. This can be compared to the analyzed MFC-1, -2 and -3 samples shown in f igures
20, 21 and 22 which includes fibres from all size categories. This may be the reason for
the smaller width uncertainty of the CM-MFC sample compared to the other samples,
see table 1. The smaller height/width ratio of the CM-MFC fibres is probably due to
the shape of the AFM tip where the relative tip broadening effect increase for smaller
sample contours.
33

The actual fibre widths are unknown in this study because of the broadening effect
from the shape of the AFM tip, f igure 7. The width values discussed here are the
widths of the fibre profiles obtained by the AFM, only good when comparing different
fibres.

5.2

Discussion swelling of MFC

When comparing the blue and red (upper and lower) fibre profiles of the line scan in
f igure 24 right, there is a great height difference of the profiles for the left- and rightmost fibres, but not for the middle one which is almost equal. This is a height profile
over fibres 8 9 and 10 in f igure 25, and the obtained height differences can therefore
be compared with the values of the swelling analysis given in table 4. In table 4 these
∆H
× 104 ). By inspection
values are, from left to right, 9.27 3.65 and 7.15 ( H50 ×∆RH(%)
of the red and blue profiles, the swelling is as large as 20 % for the left- and right-most
profiles. The relative humidity level in f igure 24 increase from 15% RH to 80% RH
∆H
so that would give a value of ∼ 27 ( H50 ×∆RH(%)
× 104 ), much more than 9.27.
But the fibres in the line scan drift away during scanning so there is a possibility that
the line scans are not over exactly the same position of the fibres. This source of error
is eliminated when the swelling analysis take all the line scans of the inspected fibre in
consideration, as is done in the method described is section 3.5.
Sources of error. In the quantitative analysis of the fibre swelling, there are several sources of error that needs to be considered. Following the calculation steps shown
in section 4.3.2 for the swelling analysis of fibre 6, there are several steps where mean
values and linear fittings are applied to obtain the final result. Another important
source of error comes from the AFM measurement since the different images studied
are taken with different AFM setpoints, which may affect the tip and sample interaction and hence the measured values. Also, each fibre is unique and some differences
may affect the obtained result. In the different image series, the investigated relative
humidity levels are not identical.
The numerical values in this study are therefore a bit uncertain, especially for the
widths.
The swelling result of fibre 11 is remarkably higher than the results for the other
fibres. This may depend on some of the sources of error just described.
The environment around fibre 11 is different, see f igure 25. Fibre 11 is ramified at
the investigated position compared to the other fibres that are lying more individually.
Fibre 11 come from an individual image series with different AFM setpoints and a image series with only two investigated relative humidity levels. To exclude the swelling
result for fibre 11 in the plot in f igure 30 is a good decision.
The swelling dependence of the fibres on their heights, f igure 30, is interesting.
First the swelling increase with increased fibre height, and then it decrease again. This
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behaviour may depend on lots of parameters. From fibre properties to AFM parameter
setpoints. Too few fibres are investigated in this study to give any conclusion about
the cause of this behaviour.
But one important observation remains. When observing the swelling dependence
on the fibre heights, there are two threshold heights where the swelling rate changes
abruptly. These threshold heights are ∼ 5 nm and ∼ 9 − 10 nm, f igure 30. The
magnitude of these threshold heights agree with the subdivision of MFC-3 fibres into
different height categories where the fibres have different over all shape, described
in section 4.1. Because of these different physical properties of the fibres, there is
something more than size that distinguish the MFC-3 fibres from the different height
categories. Namely the number of elementary fibrils in the fibres, as discussed in section
5.1 above.

6

Conclusion

MFC fibers produced with two different pre-treatment methods of pulp are investigated.
Fibres of equal size can be obtained by either of the methods, but their size distribution
between different sizes is not the same. The MFC produced from carboxymethylation
pre-treatment of the pulp have in general smaller and more equally sized fibres in the
sample compared to the fibres obtained from the enzymatic pre-treatment which are
larger and have a wider size distribution. The heights of the investigated fibres are
subdivided into three main height categories in steps of ∼ 5 nm. The smallest ones lie
in smooth curves on the sample while the larger ones are straight and bent in sharp
angles.
In an atmosphere with variable relative humidity, the swelling of the fibres produced
from the enzymatic pre-treated pulp is investigated. Increasing the relative humidity
level from ∼ 0% RH to ∼ 80% RH cause the measured height of the fibres to increase
by ∼ 5%.
The measured swelling of the fibres from different height categories is different. Their
different physical properties depend on the number of elementary fibrils in the fibre.
The numerical values of the swelling are uncertain, likely because of artefact effects of
the AFM due to different humidity levels.

7

Outlook

A future work based on the results from this study is to investigate the effect of the
different error sources described in section 5.2. Also, the same measurements on the
other types of MFC-fibres, i.e. CM-MFC, MFC-1 and MFC-2 should be performed.
The sources of error that could be investigated are for example the AFM setpoint
parameters. If the obtained numerical value of the fibre height or swelling depends on
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the AFM setpoint, the same measurement can be performed for different setpoints. It
may eventually give a trend that can be compensated for, and more reliable numerical
values are obtained.
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