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Abstract

Wool is well suited to make clothes that are warm even in moist environ-
ments. In order to fully exploit the potential in wool it is important to un-
derstand the mechanisms in the wool fibre structure when it interacts with
moisture. The atomic force microscope (AFM) is well suited for studying
micro scale samples in moist conditions.

In this thesis, AFM techniques best suited to study the structure of wool
fibres, and the response of wool fibres to moisture have been investigated.
The wool fibres were studied dry and moistened, both the exterior and
the internal structure. When the wool fibre was moistened the internal
structure changed, not so much for small amounts of water, where it only
looked bloated, but quite profoundly when submerged in water. Then the
macrofibrils could no longer be recognized and the microfibrils had swollen.





Sammendrag

Ull er godt egnet til å lage klær som er varme også i fuktige omgivelser.
For å utnytte potensialet i ull fullt ut er det viktig å forstå mekanismene
som finner sted i ullstrukturen når den utsettes for fuktighet. Atomkraft-
mikroskopet (AFM) er godt egnet til å studere prøver på mikroskala under
fuktige omgivelser.

I denne oppgaven, blir AFM teknikker for å studere strukturen til ullfi-
bre, og hvordan ullfibre oppfører seg i forbindelse med fuktighet studert.
Ullfiberene har blitt studert ved tørre og fuktige omgivelser, både utside
og tverrsnitt. Når ullfibrene ble fuktet ble det funnet at strukturen endret
seg. Ikke så mye for små mengder vann, da så den bare oppsvulmet ut,
men nedsunket i vann kunne ikke makrofiblrilene gjenkjennes lenger og
microfibrilene hadde utvidet seg.
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1 Introduction

This masters thesis is a part of the ColdWear project1. This project aims to
provide the knowledge and scientific background needed to make smart
work clothes for the High North.

In the effort of improving clothing for extreme conditions it is important
to understand how the utilized material functions and reacts to changes in
the surroundings. The fabric properties of the clothing affects the tempera-
ture and moisture distributions and thereby comfort of the clothing [1]. In
order to obtain this knowledge it is necessary to study the structure of the
material.

Wool has a reputation of keeping the wearer warmer than other textiles,
it also has the most complex structure of all the textile fibers [2]. It is this
structure, how moisture affects it, and how to study this that is studied in
this thesis.

The atomic force microscope is a non destructive technique that can be
applied multiple times to the same sample. It is flexible when it comes to the
environment surrounding the sample, which is a great advantage, when the
effect of moisture is investigated. In addition the atomic force microscope
has the ability to distinguish different types of substances based on their
material properties.

1Project website: www.sintef.no/Projectweb/ColdWear/
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2 Atomic force microscope

The atomic force microscope (AFM) is a scanning probe microscope (SPM).
It has a small probe with which it scans the surface of the sample while
monitoring the interaction forces between the sample and the probe. By
adjusting the distance between probe and sample and thereby keeping the
interaction force constant, the topography of the sample is recorded.

The AFM can scan structures of dimensions down to some nanometers,
having a scan range up to about 100 microns. Figure 2.1 displays how the
AFM compares to other normally used imaging techniques.

Figure 2.1: Length scale comparison of different imaging techniques. Only AFM and pro-
filing gives Z-resolution. [3]

As can be seen from figure 2.1 transmission electron microscope (TEM)
and scanning electron microscope (SEM) are the only alternatives in the
highest resolution area. Both of these techniques demand high vacuum con-
ditions. In addition the SEM requires a conducting sample surface, and the
TEM requires samples that are maximum 100 nanometers thick at the area
of interest and can only image areas of maximum 0.6 mm2 [4]. These sample
preparations can damage or change the sample and prevent further inves-
tigations with other techniques. The AFM is much more flexible when it
comes to imaging environment and sample preparations. It is normally op-
erated at ambient pressure, but it can also be operated in fluids or in other
controlled environments. The AFM is a non-destructive technique, the sam-
ple can usually be imaged as it is, as long as it can be mounted on the sample
holder.

This chapter is based on information from [3] and [5] if nothing else is
stated.

2.1 How it works
As mentioned the AFM scans the surface of the sample with a probe. This
probe consists of a cantilever supporting a very sharp tip. When the tip is in
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contact with the sample it will cause the cantilever to deflect. The deflection
of the cantilever is monitored by a laser directed onto the end of the can-
tilever from which it is reflected onto a photodetector. This photodetector
is divided into sections which makes it possible to determine the deflection
of the cantilever. When the cantilever is deflected a signal is sent to the z-
piezocontroller which then adjusts the height of the sample. The movement
of the z-piezo together with the scanner position will then make an image of
the surface. Figure 2.2 illustrates how the laser is reflected onto the detector
when the cantilever is deflected.

Figure 2.2: Photodetector arrangement, sections A and B are used to measure topography,
sections C and D are used in lateral force microscopy.

2.2 Hardware
In this section the main components of the AFM will be described. The AFM
can be seen in figure 2.3. The main parts are the head and the scanner. The
head holds the probe and measures the deflection of the cantilever, while
the scanner moves the sample.

As can be seen in figure 2.4 the head provides adjustment knobs for the
positioning of the probe over the sample, in addition to housing the detec-
tion system.
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Figure 2.3: The AFM.
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Figure 2.4: Mulitimode SPM head. 1) Laser, 2) mirror, 3) probe, 4) tilt mirror, 5) photode-
tector.

2.2.1 Scanner

The scanner moves the sample and is thereby the limiting factor when it
comes to scan size and height range of the image. Typical scan dimensions
varies from 0.4 µm × 0.4 µm in the horizontal plane and 0.4 µm vertically to
200 µm × 200 µm in the horizontal plane and 8.0 µm vertically. The scanner
consists of five piezoelectric parts, one that controls the Z-axis, and two for
each of the the X- and Y-axis. The construction of the scanner is illustrated
in figure 2.5.

The scanned z-range is limited to half the range of the piezo in each di-
rection. That means that after engagement between the tip and the sample,
can the sample be scanned half the z-range upwards and half the z-range
downwards.

During scanning the sample is moved in a raster pattern with one fast
scan axis and one slow scan axis. This is illustrated in figure 2.6. The fast and
slow axes can be rotated relative to the X- and Y-axes, without any rotation
the X-axis is the fast scan axis.
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Figure 2.5: Typical scanner piezo tube and electrical configurations for X, Y and Z move-
ment.

Figure 2.6: To the left is the signal output for driving the X and Y piezo elements and to the
right is the resulting raster scan pattern.

2.2.2 The probe

The probe consists of a cantilever suspending an atomically sharp tip. Fig-
ure 2.7 shows two different types of probes, one with a triangular shaped
cantilever and one with a straight cantilever. In figure 2.8 the realistic ideal
design of a tip can be seen.
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Figure 2.7: Two types of cantilevered probes, silicon nitride (left) and crystalline silicon
(right).

Figure 2.8: Theoretical shape of an etched silicon tip.

The shape of the tip limits the resolution of the scanned image and the
angle of slopes in the topography, as illustrated in figure 2.9 and 2.10.

Figure 2.9: Artifact due to the shape of the tip. The steepest slope that can be traced
properly has to be gentler than the corresponding tip angle.
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Figure 2.10: The difference between a sharp and a dull tip. The sharp tip reaches the
bottom, but not the corners, while the dull tip hardly reaches into the ditch.

The cantilever is normally made of silicon nitride or mono-crystalline sil-
icon [6]. The silicon nitride cantilevers are physically much more flexible
than the crystalline silicon cantilevers. There is a variety of probes to choose
from, different sizes, flexibilities and coatings, which is the better one de-
pends on the sample and operation mode. The tips can be extra sharpened
by electrochemical etching, ion milling and by placing a carbon nanotube
on the tip. Figure 2.11 displays tips resulting from different treatments.

(a) (b) (c) (d)

Figure 2.11: Different tip preperations; a) normal tip, b) electrochemically etched tip, c) ion
milled tip, d) carbon nanotube mounted on the tip.

2.3 Operating modes
There are several ways to operate the AFM, including contact mode, non-
contact mode and tapping mode including phase imaging. In addition, the
different modes can be combined with a fluid cell which allows the sample
to be immersed in a fluid.
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2.3.1 Contact mode

This is the original AFM method where the probe is sliding over the sur-
face. In this mode there is a fairly strong interaction between the tip and
the surface. The tip is pressed down onto the sample in order to maintain
a constant deflection of the cantilever. Depending on the friction between
probe and sample there may be lateral forces that influence the image or
the sample. There is even a specialized technique based on measuring these
forces called Lateral Force Microscopy.

When operating the AFM in ambient environments there will be a con-
tamination layer consisting of water and miscellaneous hydrocarbons. The
probe will have to go through this layer in order to get in contact with the
sample, as illustrated in figure 2.12. When the probe is inside this layer
it will experience capillary forces that pull the probe towards the sample,
figure 2.13 displays a potential energy curve between probe and sample.
Sometimes the capillary forces may cause the probe to be trusted into the
sample causing damage to the sample, tip or both.

Because of the lateral forces and the capillary forces it can be very difficult
to image soft samples. In order to avoid these problems the non-contact
mode was developed. The non-contact mode scans the sample above the
contamination layer, taking advantage of the attractive van der Waals forces.
With this technique the resolution is much lower, and after the introduction
of tapping mode it is rarely used.

Figure 2.12: In ambient environments the tip has to pass through a contamination layer in
order to get in contact with the sample.
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Figure 2.13: Example of a potential energy diagram for probe and sample. The attractive
forces are mainly capillary forces due to the contamination layer.

2.3.2 Tapping mode

In tapping mode the cantilever is oscillated while scanning the sample, as
illustrated in figure 2.14. Because the tip is no longer dragged over the sur-
face there are no lateral forces and the oscillations ensures that the cantilever
has enough energy to break free of the contamination layer. This makes the
tapping mode suitable for soft samples and high resolution measurements.

Figure 2.14: Potential diagram showing the motion area of tapping mode to the left, and a
schematic illustrating the probe movement when scanning the sample to the right.

When the oscillating tip comes in contact with the sample it will affect
the amplitude, the resonant frequency and the phase of the cantilever os-
cillations. In addition to information about the topography, the phase can
give information about the material properties of the sample, this has been
utilized in [7] and [8]. The phase imaging technique is illustrated in figure
2.15. In figure 2.16 a tapping mode image and a phase mode image of the
same sample are displayed.
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Figure 2.15: By measuring the phase lag of the cantilever relative to the piezo drive signal
a phase image can be produced [9].

Figure 2.16: Both height image (left) and phase image (right) of a composite polymer
embedded in a uniform matrix. The high resolution of the phase image highlights the two-
component structure of the composite regions [9].
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2.3.3 Fluid cell

In order to take pictures of samples submerged in water, specially adapted
equipment is needed. The fluid cell provides a small container around the
sample and probe which can be filled with liquid. The fluid cell is made of
glass, it has an inlet and an outlet for the fluid and a groove for installing
an o-ring which encloses the fluid over the sample, see figure 2.17. The
glass allows the laser to be reflected from the cantilever without disturbance
from the unstable fluid surface. In some cases when the sample is very
hydrophobic is it possible to use the fluid cell without the o-ring, this would
eliminate potential drift problems due to the lateral forces between the o-
ring and the sample.

The fluid cell can be combined with both contact mode and tapping mode.
The operational principles are the same as in air. Because of the extra me-
chanical resistance in the fluid compared to air, the cantilever should have
a much lower resonance frequency than the cantilevers used in air.

Figure 2.17: Cross section of a fluid cell over a sample.





3 Wool 15

3 Wool

Wool has some highly desirable properties when it comes to heat and mois-
ture management. It is known for the ability to keep the wearer warm even
though it is wet. These unique properties are a result of the complex struc-
ture of the wool fibre.

Up until now wool fibres have been studied with electron microscopy,
x-ray scattering and chemical methods for studying proteins. This has led
to a fairly good understanding of the internal structure of the fibre and its
properties [2], [10], [11]. Recently there has been some studies of the surface
properties, such as hardness and hydrophilicity, of the wool fibre, also in
connection to moisture [7], [12], [13] and [14]. There has also been some
studies of the cross section of the wool fibre [15], [16], but not with respect
to moisture.

This section is based on [2] unless otherwise stated.

3.1 Structure
The wool fibre has a very complicated structure compared to other textile
fibres. It consists of two main structures, the cortex consisting of protein α
-helices also called keratin, and the cuticle, an outer shell encapsulating the
cortex. The complete structure of wool is sketched in figure 3.1.

Figure 3.1: The structure of a wool fibre.
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Wool fibres consist of carbon, hydrogen, oxygen, nitrogen and sulphur.
These are, except for a high sulphur level, normal constituents in proteins.
In addition to proteins the wool fibres contain lipids, both internal and ex-
ternal, the external lipids are known as woolgrease and are normally more
or less removed during scouring. Wool fibres have a diameter between 15-
40 µm and a length of up to 50 cm. The cross section of a wool fibre is an
approximate ellipse.

3.1.1 Cortex

The cortex amounts to 90% of the fibre. It consists of two types of cells, or-
thocortex and paracortex cells. Normally there are 60-90% orthocortex cells
and 40-10% paracortex cells. The paracortex cells contain the larger amount
of sulphur. Sulphur is the most important crosslinking agent in wool, which
means that the paracortex cells are tougher and more highly cross-linked
than the orthocortex cells. The cortex cells can be evenly distributed in the
cortex or they can be sectioned into two parts. When the cortex is sectioned
it results in a crimp where the paracortex cells always are situated at the in-
side of the crimp, as illustrated in figure 3.2. Fine wool types such as Merino
wool usually have a sectioned cortex.

Figure 3.2: Organization of para- and orthocortex cells in a sectioned wool fibre.

Both ortho- and paracortex cells consist of 5-20 macrofibrils containing
500-800 microfibrils. All of the fibril structures are embedded in their re-
spective matrix. Figure 3.1 gives an overview of the structure of a paracortex
cell.

3.1.2 Cuticle

The cuticle consists of scale-like cells wrapped around the cortex, each scale
is about 10-30 µm long and 400-800 nm thick. The scales partly overlap
each other and merge together. The cuticle cells consist of at least four lay-
ers: epicuticle, exocuticle and endocuticle layer as indicated in figure 3.1.
The resulting outer structure is displayed in figure 3.3. The different layers
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consist of different compositions of lipids, proteins and carbohydrates. The
endocuticle has the lowest sulphur level and is the most permeable layer.

It is the structure of the cuticle that is responsible for felting, which makes
wool fabrics very sensitive to laundering, if care is not taken they will shrink
considerably.

Figure 3.3: AFM height image of the outer structure of the hair of the author. The structure
of human hair closely resembles that of wool.

3.2 Moisture absorption
A measure of moisture absorption is moisture regain, which is defined by

Moisture regain =
mass of absorbed water

mass of dry fibre
. (3.1)

The moisture regain is dependent on the relative humidity, in figure 3.4
the moisture regain for wool with respect to relative humidity is displayed.
As can be seen in figure 3.4, moisture absorption followed with moisture
desorption creates hysteresis in the moisture regain.



18 3 Wool

Figure 3.4: Moisture regain of wool with respect to relative humidity.

When a wool fibre absorbs moisture its physical properties change, which
again influences further absorption. It is therefore difficult to tell exactly how
the moisture is absorbed. There are several theories that try to explain this
process. Speakman [17] has a theory from 1944 based on how the water is
absorbed which fits very well with the experimental values. He divides the
absorption into three types,

a water binding to hydrophilic groups in the protein side chains,

b water attaching to the main chain of the proteins, replacing hydrogen
bounds,

c capillary condensation.

The last point however, are more likely to be water adhering to already
absorbed water in accordance to Peirce’s theory from 1929 [10]. The contri-
bution to the moisture regain from each type can be seen in figure 3.5. Type
b has the most effect on the rigidity of the fibre.

Wool expands radially when it absorbs water, up to 16.3%. The initial
increase in volume is less than the amount of water absorbed, whereas at
about 15% regain the volumes become additive. It can be argued that this
is because the initial water molecules fill up spaces in the protein molecules
causing only a small expansion. When these spaces are all filled up the
absorbed molecules will add more to the volume.
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Figure 3.5: Absorption of water divided in three types. a) Hydrophilic groups, b) replacing
hydrogen bounds, c) indirectly attached.

3.2.1 Heat of sorption

The amount of energy released when water is absorbed is described by the
differential heat of sorption. The differential heat of sorption H for wool
can be described by equation 3.2 which is based on Kirchoff’s equation for
dilution of solutions.

2.3 log

(
h1

h2

)
= 9H

(
1

T2

− 1

T1

)
(3.2)

h1 and h2 are relative humidities and T1 and T2 are the corresponding tem-
peratures at constant regain. The energy released from 1.0 kg of some textile
material going from 40 to 80% relative humidity is listed in table 3.1. Wool
clearly releases the largest amount of heat.

Table 3.1: Energy released from 1 kg of material going from 40 to 80% relative humidity.
[10]

Material Kilocalories
Wool 38
Cotton 20
Viscose rayon 40
Acetate 12
Nylon 10
Terylene 1
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4 Experiments

In this section the sample preparations and imaging will be described. The
fibres have been studied in both air and water.

4.1 The samples
The samples are obtained from four different qualities of merino wool cloth.
They are all supplied from Janus. According to Janus, all of the samples are
Hercosett-treated. The Hercosett-treatment consists of a chlorine-treatment
which is neutralized with natriumbisulphite, followed by a nylon coating.
This process is a shrink proofing process which allows the garment to be
machine washed. According to [2], felting is prevented by scale masking
done by the polymer.

The different qualities and their properties are listed in table 4.1.

Table 4.1: Properties of the samples and the cloth from which they were extracted.

Sample ID Diameter [µm]
405 20
410 17.5
432 20
453 20

4.2 Sample preparations
Both the outside and the cross-section of the fibres have been studied. In
order to image the samples in the AFM they have to be held steady onto the
scanner. This is achieved by attaching the samples to a metal disk of 0.9 cm
in diameter, which is then attached to the scanner by means of magnetism.

4.2.1 Imaging of wool fibre exterior

The standard way of attaching the sample is to use double sided adhesive
tape. This technique worked fairly well, but because of the crimp in the
fibres and the small size they easily rolled over when pressed down, and
were thereby contaminated by the adhesive. To avoid this, the adhesive was
split in two parts leaving a clean area where the sample was to be scanned.
This resulted in the fibre being suspended freely over the metal disk, but
not sufficiently stable to be scanned. The solution to this was to make a
disk where two opposing segments are slightly lower than the centre part,
see illustration in figure 4.1. This holder worked fairly well, but because of
the crimp in the fibres the adhesive was not enough to hold the fibres fully
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stretched. This was solved by adding an extra layer of adhesive over the
ends of the fibres.

(a) (b)

Figure 4.1: Modified sample holder disk (a), and sample mounting (b).

4.2.2 Cross-section imaging

In order to study the cross section of the fibres they have to be embedded
in a supporting “matrix” material. For imaging with the AFM the height
variations of the sample can be up to 5 µm, but it is very difficult to get a
good image if the entire z- range is in use.

Several possible techniques were tested. The fibres were embedded in
PDMS (silicone). One part was then cut with a razor blade and another was
broken after freezing in liquid nitrogen. The resulting cross sections were
imaged using SEM, the results can be seen in figure 4.2 and 4.3.

(a) Sample 432. (b) Sample 452.

Figure 4.2: SEM images of fibres embedded in PDMS and cut with a razor blade.

The SEM images clearly show that the fibres cut with a razor blade are
likely to get deformed and quite rough, it can also be seen that the PDMS
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(a) Sample 452 (b) Sample 410

(c) Sample 405 (d) Sample 432

Figure 4.3: SEM images of fibres embedded in PDMS and broken in liquid nitrogen.

is not evenly attached to the fibre, in some of the pictures there is a gap
between the fibre and the PDMS.

The fibres were also embedded in epoxy and broken in liquid nitrogen,
figure 4.4 displays the results. This time multiple fibres were embedded
together, out of practical reasons. It can clearly be seen that the fibres break
randomly with a resulting rough cross-section, they also appear to have a
random orientation coming out of the epoxy.

Cutting seems to be the most controllable method, however the razor
blade is too blunt. The next option is then cutting with a microtome. In
order to do this, the fibres has to be embedded in blocks of a supporting
matrix e.g. epoxy resin, one called epon was used. The block dimensions
are 6 × 4 × 10 mm3, 10 mm being the height. The epoxy resin consists of
three components, LX-112, DDSA and NMA, and a catalyst DMP-30. The
data sheets can be found in appendix A.1. In order to embed the fibres in the
desired blocks of epon, the following method was developed based on pre-
vious experiences. First the fibres are mounted slightly above an aluminium
foil in order to be embedded in a thin layer of epon, this is in order to han-
dle the fibres more easily. This first step should only cure for a few hours at
60°C, until it is no longer fluid, but not yet completely hard. Then a suitable
piece is cut out and placed in the mould, which is then filled with epon and
cured for 48 hours at 60°C. The resulting cross-sections can be seen in figure
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(a) Sample 452, overview. (b) Sample 452, closer look at the fibres.

(c) Sample 410 (d) Sample 432

Figure 4.4: SEM images of fibres embedded in epoxy and broken in liquid nitrogen. the
cross sections appear to be quite rough.

4.5. One fibre was also dipped in agar prior to the embedding in epon in
order to see if that would have any effect upon the adhesion between the
epon and the fibres.

In figure 4.5 there are grooves in the surface of the epon. This is a result
of the cutting process, however, they do not seem to affect the wool fibre
structure.

In order to fit epon blocks onto the scanner they should not be higher than
about 7 mm in tapping mode in air, with the fluid cell it has to be less than 4
mm. In order to achieve this, the block has to be shortened, this is done by
sawing off the bottom part with a junior hacksaw. Care has to be taken to
ensure that the top and bottom planes are parallel, some adjustment with a
scalpel might be necessary.
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(a) Sample 432 (b) Sample 405

(c) Sample 452 (d) Sample 410

Figure 4.5: Optical microscopy pictures of cross-sections of fibres embedded in epon. The
stripes are an artifact from the cutting process.

4.2.3 Fluid Cell

When using the AFM with the fluid cell is it necessary to have a relatively
flat surface, preferably hydrophobic. The fibres are located close to the edge
of the epon block, which means that it will be hard to sustain a sufficiently
large drop onto the block. Therefore it is necessary to build up the area
around the block so that the surroundings of the sample have almost the
same height as the sample. This was done by creating a circle of PDMS
with an opening for the epon block. In order to prevent drift is it necessary
to make the opening as small as possible, or make sure the epon block is
securely fastened with something that does not react with water. A way to
achieve this is to put the block into the PDMS before curing, making sure
that the PDMS does not contact the upper surface and then cut out a circle
around the block.

4.3 Experiments
Optical microscopy and AFM have been used to investigate wool fibres and
their reaction to water. The samples have been studied dry, after they have
absorbed a water droplet and submerged in water. The tips used for the
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AFM in air are from the NSC 15-series, with the fluid cell NP-S tips with a
spring constant k=0.06 and 0.32 was used.

4.3.1 External investigations

The outer investigations of the fibre consist of preparing them as described
in section 4.2.1, then studying them in an optical microscope to get familiar
with the main features and thereby a better understanding of what to expect
when using the AFM.

The effect of adding a drop of water onto the fibre was also studied, this
was first done under the optical microscope, before it was attempted with
the AFM. Attempts to study the exterior of the fibres with the fluid cell were
also made.

4.3.2 Cross-section investigations

Also the cross-sections were studied both with the optical microscope and
the AFM. The optical microscope was used to get familiar with the sample
and to get further credibility to some findings done with the AFM.

In addition SEM images were taken after the AFM investigations were
done. This was done in order to compare the results of the AFM with an-
other technique which has roughly the same resolution. Against what was
expected the SEM images were made without any conducting coating. The
images were instead taken with low electron high tension and a short dis-
tance to the detector.

4.3.3 Image analyses

In the program that belongs to the AFM (Nanoscope 5.30r2) there are some
analyzing and image treatment tools. The only treatment the images pre-
sented in this thesis has gone through are to adjust the height of the scan
lines so that they make up a clear image without too much stripes. There is
also a measurement tool, with which distances and angles in the images can
be measured.

Some images have also been exported to MATLAB in order to get more
accurate measurements due to the ability to enlarge the image and a tidier
view of the image. The placement of the cursors are done with an uncer-
tainty ranging from ±0.04 to ±1.1 of the respective unit dependent on the
measurement technique. This will result in a negligible error when com-
pared to other uncertainties such as instrumental error and environmental
influences.
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5 Results and discussion

5.1 External investigations
The structure of the cuticle is clearly visible in the optical microscope. It can
however, be difficult to obtain larger areas in focus at the same time as the
surface of the fibres is curved and does not have a constant diameter. Figure
5.1 displays images of the cuticle structure taken with an optical microscope.
All of the fibres seems to have the same structure, the fibre in figure 5.1(d),
is darker because of the colour, dark blue, which does not influence the
structure of the fibre.

(a) Sample 405 (b) Sample 410

(c) Sample 432 (d) Sample 452, this fibre is dark blue, there
are therefore some shadow effects.

Figure 5.1: Images of the cuticle taken with an optical microscope.
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(a) Sample 405. (b) Sample 410. The edge between two adja-
cent cuticle cells looks rounded.

(c) The center cuticle cell from (b), the surface
of the cuticle cell is quite rough.

(d) Sample 432.

(e) A segment of (c), grooves along the length
of the fibre are evident.

(f) Sample 452. The edge between two adja-
cent cuticle cells looks rounded.

Figure 5.2: Images of the cuticle taken with AFM, all fibres were imaged dry. It can clearly
be seen that the surface is uneven and at times there are distinctive grooves along the
length of the fibre, seen for example in (b), (d) and (e).
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Figure 5.2 displays images of the cuticle surface structure taken with the
AFM. It is possible to image a width of about 10 µm of the fibre before the
curvature becomes too large to image. This means that only the upper seg-
ment of the fibre is displayed in the image. Exactly how much of the fibre
that can be scanned depends on the shape of the tip, see section 2.2.2, shape
of the fibre (they are not entirely circular and not uniform) and where the
tip engaged the fibre, determining relative the z-range. It is therefore impor-
tant to look at clear features on the surface when comparing images from the
same fibre in order to make sure it is exactly the same place, especially if the
fibre has changed somewhat between each scan, for instance it might have
expanded due to moistening.

The surface structure of the cuticle cells is quite rough, at times there are
grooves along the length of the fibre. When compared to my untreated hu-
man hair in figure 3.3, is it clear that the cuticle cells of the wool fibres have
much smoother edges and a much rougher surface. This is probably due to
the nylon coating from the Hercosett-treatment described in section 4.1.

Figure 5.3 displays the effect of wetting a fibre imaged with an optical
microscope. The fibre was imaged dry and just after it had absorbed a water
drop. The wetting resulted in a radial expansion estimated to 9%, and no
significant longitudinal expansion.

(a) Dry fibre (b) Wet fibre

Figure 5.3: Optical microscope image before and after wetting of the fibre. The measure-
ments gives a radial expansion of 9% and no longitudinal expansion.

In figure 5.4 the results of wetting a fibre scanned with the AFM can be
seen. A drop of water was placed on the fibres a small distance away from
the AFM cantilever, the imaging was started as the drop was absorbed by
the fibre. During this first scan the fibre twisted a little, causing the shift
in figure 5.4(b), this also made it hard to compare the images of before and
after the wetting. In the two last pictures it is however possible to make
some comparisons, revealing a radial expansion of 2%. It should be noted
that the last scan was finished 30 min after the wetting, as each scan took 10
min.
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(a) Dry fibre, just before wetting (b) Wet, the fibre twisted during the scan.

(c) After 15 min (d) After 25 min

Figure 5.4: AFM images of sample 432. a) Before placing a drop of water onto the fibre,
b) just after the drop has been absorbed, c) about 15 min later and d) about 25 min later.
Points A and B in figures (a) and (d) show how the fibre twisted.
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5.2 Cross-section investigations
When investigating cross-sections the optical microscope was mainly used
to locate the fibre and to get an idea of its size and shape, as the fine structure
of the fibre can not be seen in the optical microscope. The different samples
are expected to have the same type of substructure.

With the AFM three samples, 432, 405 and 452, have been studied dry.
Sample 432 has been studied moistened by placing a droplet of water onto
the sample and waiting for it to be absorbed before imaging. Sample 405
and 452 have been studied submerged in water with the fluid cell. Sam-
ple 410 was attempted studied with the fluid cell but the elevation of the
epon around the fibre prevented the tip from getting in contact with the fi-
bre. Some of the smaller scale images, the height images in particular, are
somewhat unclear. A better tip might yield more detailed images.

In figures 5.5(a) and 5.6 there is some contamination, the sample is there-
fore cleaned by rinsing it in distilled water and gently removing any excess
water with blotting paper, the sample was left to dry over night. Figure
5.5(b) displays the cross section after cleaning.

(a) Before cleaning. The fibre is at level
with the surrounding epon, and the cuticle
is clearly visible.

(b) Right after cleaning, most of the con-
taminations are gone, the fibre has retracted
somewhat into the epon.

Figure 5.5: AFM images of cross-sections of sample 432, taken before and after cleaning.

5.2.1 Studies of dry fibre cross sections

Figures 5.5 to 5.12 display selected results from the studies of dry fibres. In
figure 5.5 and 5.7 the cross section of the entire fibre is imaged. In figure
5.5(a) the cuticle is clearly visible, and if looked closely some circular sub-
structure may be distinguished, this is, however easier in figure 5.6. The
grooves from the cutting can also be seen there. They do not seem to af-
fect the sub structure which is much smaller, than the distance between the
grooves.
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In figure 5.7 the circular substructure is quite clear. It seems to stand out
more clearly than for the other samples. This is the same sample as in figure
4.5(c), which seems to have been cut somewhat differently than the others.

Figure 5.6: AFM image of cross-section of sample 432, the image was made before clean-
ing while the sample was dry. The cuticle and the substructure can be distinguished, the
slight grooves from the cutting does not influence the substructure.

Figure 5.7: AFM image of cross-section of sample 452, the image was made when the
fibre was dry. The fibre clearly consists of a circular substructure, with a diameter of about
0.5 µm.

The cortex

The fibres show a structure consisting of many irregular almost circular
components, see for example figure 5.8, which when magnified turns out
to consist of a smaller, but similar structure. This can be seen in figure 5.9
and 5.10. This structure fits the concept of having macrofibrils consisting of
microfibrils. The observed macrofibrils have diameters ranging from 200 -
600 nm.

The macrofibrils appear almost blurred in the height images, see figure
5.9(a), while in the phase images, see figure 5.9(b), they have a defined bor-
der which has a lighter colour than the macrofibrils themselves. This bor-
der is likely to be either a thin membrane encapsulating the macrofibrils or
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a tiny gap between each macrofibril. In the phase images, such as figure
5.9(b), the macrofibrils have a distinctive edge which has a lighter colour
than the macrofibrils themselves.

(a) Sample 405. The fibre is at a lower level
than the epon, the small circular substruc-
tures can barely be distinguished.

(b) Sample 405. Phase image of almost the
same area as image (a). The substructure
looks continues, parallel to the grooves from
the cutting.

(c) Sample 405. Substructure of fibre 405. It
looks similar to the other fibres with many
small circular substructures packed together.

(d) Substructure of sample 542. The circular
substructure is clearly visible.

Figure 5.8: AFM images of the substructure of different samples.

In figure 5.9(b) there are also some darker areas which are not uniform
like the other macrofibrils are, a smaller structure is visible. Figure 3.1 in-
dicates that the orthocortex consists of a clearly circular structure, while
the paracortex seems to have a more compact structure, which would be
harder to resolve. This implies that the lighter uniform macrofibrils are
part of the paracortex and the darker ones are part of the orthocortex. This
means, however that the para- and orthocortex are not entirely separated
which would be expected for merino wool, see section 3.1.1, and that the
cell membrane surrounding the para-cells is just as thin as the separation of
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the macrofibrils. This does not seem likely.

(a) After cleaning. Macrofibrils are visible, there are some uneven regions
within the macrofibrils. These might be microfibrils.

(b) Phase image corresponding to figure 5.12. The macrofibrils of the cortex
are clearly visible.

Figure 5.9: AFM images of cross-sections of sample 432, all taken when the sample was
dry. The indicated macrofibril in figure (a) is in the same group of macrofibrils as the one
indicated in (b). They are respectively the upper and the lower of the three similar ones
grouped together.
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(a) Height image (left) and corresponding phase image(right). Macrofibrils are clearly vis-
ible.

(b) Height image (left) and corresponding phase image(right). The phase image reveals the
presence of microfibrils within the macrofibril.

Figure 5.10: AFM height and phase images of the substructure of fibre 452. Macrofibrils
and microfibrils can be distinguished.

Another possibility would be that the darker structures make up the cell
membrane, this could fit for the right part of figure 5.9(b), but also there the
membrane would at some places be very thin. In the other part of the image
there is no continuous line that is long enough to resemble a membrane.
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Figure 5.11: Electronic force mode image of a wool fibre cross section [18]. The ortho-
and para-cortex have been identified, buy there are no visible cell membrane present.

In figure 5.11 the para- and ortho-cortex were identified [18]. The cell
membrane, however, is not visible there either. Figure 5.10(a) has the same
kind of macrofibrils, but only the uniform type.

In figure 5.10(b) the phase image reveals a substructure in the macrofib-
rils, this structure corresponds to microfibrils in a matrix such as sketched
in figure 3.1.

In figure 5.8(b) the substructure looks continuous parallel to the grooves
from the cutting. Also in figure 5.8(c) it can be seen that the macrofibrils lay
closer together in this direction.

The cuticle

It is usually hard to get a good look at the structure of the cuticle, normally it
follows the epon closely like in figure 5.6. It can be hard to determine exactly
where the border between the epon and the cuticle is. In figure 5.12 there is
an anomaly in the cuticle, it looks bent or broken. This results in the cuticle
being separated from the epon, which makes it possible to get a closer look.
This reveals a thin external layer which may either be the nylon coating or
the epicuticle. The epicuticle is normally about 2.5 nm thick [2], whereas
the imaged layer is about 80 nm thick and somewhat uneven. Therefore it
is likely that this layer is the nylon coating.

This anomaly might be due to the slight overlap of the cuticle cells which
is not strictly along a straight line around the fibre but undulates somewhat,
see figure 5.1. If the cross section is made over two different cuticle cells the
result might be like this anomaly.
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Figure 5.12: AFM image of cross-section of sample 405. The image was made after the
sample had been cleaned and dried. The nylon coating is visible due to an anomaly in the
cuticle.

5.2.2 Studies of wet fibre cross sections

In order to moist the fibres embedded in epon a pipette was used to place
a drop over the fibre ends. This drop will then mainly be absorbed by the
fibre, but the epon is also likely to absorb some water. To see what happens
to small holes in the epon when it is exposed to water, a drop of water was
placed over an indentation made with a needle. The result is displayed in
figure 5.13. It looks like if the epon absorbs more water in the indentation
where the surface has been chipped. Where the surface is undamaged it
remains the way it was before wetting, and in the indention it expands. It
may also be noted that in the process of making the indentation, an elevation
of the epon around the indentation occurs.

125.75

334.61

477.24

(a) Before wetting.

141.76

334.56

477.27

(b) After wetting.

Figure 5.13: Images of the epon surface with an indentation before and after wetting. After
wetting the diameter of the highest point has increased, but the insides of the indentation
has swelled towards the centre.

When the fibres were moistened it resulted in an elevation of the epon
around the fibre creating a “crater edge” surrounding the fibre. If this crater
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edge is too high it is not possible to image the fibre with the AFM, as the tip
will not reach down to the fibre. Figure 4.5 displays fibres that never have
been in contact with water, and figure 5.14 displays fibres that have been in
contact with water. In figures 5.14(a) and 5.14(b) the epon is clearly elevated
around the fibre. Figure 5.14(c) displays a fibre a day after it was moistened.
It looks like if the fibre has retracted down into the epon, which is supported
by measurements done with AFM. Figure 5.15 displays a section analysis of
a fibre that has been left to dry over night.

(a) Recently moistened fibre, there is still
some water on the epon.

(b) Moistened fibre.

(c) fibre that has been moistened and dried. (d) Moistened fibre with agar.

Figure 5.14: Optical microscopy images of the effect of moistening embedded fibres. The
thick dark line in (a) is the border between the small epon part, used to simplify handling
the fibre, and the epon block. The same type of line is also present in image (d) where the
fibre is located on this line.

Figure 5.16 displays the cross section of fiber 405, dipped in agar prior to
embedding, submerged in water. There are many dots all over the surface.
These have not been present on any of the other samples. Therefore it is
likely that they are connected to the agar treatment.



5.2 Cross-section investigations 39

Figure 5.15: Height profile of a fibre that has been moistened and dried over night. The red
line shows that the entire epon block has a constant tilt, the black line indicates the shape of
the “crater edge” close to the fibre, and the green line shows that the fibre is located below
the normal height of the epon block (the red line) and that the fibre is tilted in a different
direction than its surroundings. The data window gives information about the placement of
the cursors.

Figure 5.16: Height (left) and phase (right) image of the cross section of fiber 405, dipped
in agar prior to the embedding, submerged in water. There are many small dots all over the
surface.
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Structure analysis

Some selected images from the studies of moist fibres are presented in fig-
ures 5.17, 5.19, 5.18 and 5.20.

In figure 5.5(b) the fibre has just been cleaned, most of the contaminations
are gone, and the fibre has retracted somewhat into the epon, which has
made it hard to see the cuticle. This is most likely caused by the steep edge
down to the fibre.

(a) Substructure right after a droplet of wa-
ter has been absorbed.

(b) Phase image corresponding to (a). The
macrofibrils are clearly visible, some are
darker than the rest.

(c) Phase image from a scan of the same area
as (a)and (b) when the fibre was dry.

Figure 5.17: AFM images of cross-sections of sample 432. Most images are made after
the sample was moistened, (c) are from dry fibre for comparison.

Figure 5.17(a) displays the height image of the macrofibrils of the re-
cently moistened fibre, figure 5.17(b) the corresponding phase image and
figure 5.17(c) the phase image of the same area from when the fibre was
dry. The wet structure seems bloated. The smaller structures have disap-
peared, but the larger structures are not notably larger. They have, however
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changed their shape, they now have softer edges and thereby get the bloated
look. The smaller not uniform structures are gone, and replaced with dark
macrofibrils that look the same as the lighter ones.

Even though each macrofibril has not changed its size much, there is a
small change in the total size of the fibre, see figure 5.18. The measured
length within the cross section has increased with 4%, this is much less than
the 9% the fibre expanded under the optical microscope. Reasons for this are
that the applied drop was smaller, and that the epon might have prevented
the fibre from fully expanding.

Figure 5.19 and 5.20 display images with a different structure than the
images in figure 5.17. This difference is caused by the wetting technique.
The sample in figure 5.17 has been moistened with a droplet, while the other
two have been completely submerged in water during the imaging.

Figure 5.18: Comparison of dry (left) and moistened (right) fibre of sample 432. The
images are taken right before and right after a droplet was applied. The measured length
are 4% longer for the moistened fibre.

In figure 5.19 and 5.20 the structure of the macrofibrils seems to have been
dissolved. In figure 5.19 there are instead many even smaller circular struc-
tures, diameters less than 70 nm. The phase images display a structure that
resembles the structure inside the macrofibrils in the phase image in figure
5.10(b), i.e. the matrix around the microfibrils. Therefore it is likely that the
structure seen in figure 5.19 is swollen microfibrils.
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(a) The epon can barely be seen up in the
right corner.

(b) The substructure has when submerged
many small circular components with a di-
ameter of < 70 nm. There are some striping.

(c) Height image (left) and phase image (right). The phase image looks
like a porous matrix structure.

(d) Height image (left) and phase image (right). The phase image looks
like a porous matrix structure.

Figure 5.19: AFM images of cross-sections of sample 405. All taken while the fibre was
submerged in water.
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(a) Height image (left) and phase image (right). The substructure comprises some circular
structure and a rectangular mesh. The cuticle can just be seen at the bottom of the image.

(b) Height image (left) and phase image (right).

Figure 5.20: AFM images of cross-sections of sample 452. All taken while the fibre was
submerged in water. The fibre substructure consists of some small circular elements and a
rectangular mesh. The rectangles has a size of about 150 × 350 nm.

In figure 5.20 there are only some circular structures, diameter < 200 nm.
They are larger than those in figure 5.19, but smaller than the macrofibrils
in the dry fibre cross sections, figure 5.9. The rest of the structure makes
up a pattern that looks like rectangles. The rectangles have a size of 150
× 350 nm, which is close to the size of the macrofibrils. The origin of the
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rectangular pattern is not known.

5.2.3 SEM

The results of the SEM imaging are presented in figure 5.21, 5.22 and 5.23.
The SEM images display the same type of substructure as the AFM image
in figure 5.8(b).

(a) Image of the entire fibre cross section.
The double horizontal line crossing the cross
section is probably the result of an artefact on
the knife while cutting.

(b) The continuous substructure from figure
5.8(b) are clearly visible.

Figure 5.21: SEM images of sample 432. It has been moistened with a water droplet once,
a long time before the picture was taken.

(a) Image of the entire cross section, even
with the SEM it is possible to see that the fi-
bre has retracted into the epon.

(b) The continuous substructure is only visi-
ble down in the right corner. There are some
small holes.

Figure 5.22: SEM images of sample 432, this sample has been submerged in waterand
dried.
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(a) Image of the entire cross section. The
fibre looks to be more level with the epon.
There are many stripes from the cutting in
two directions, making it hard to see any
structure.

(b) Some holes and partial bits of the contin-
uous structure are visible.

Figure 5.23: SEM images of sample 405. This sample has never been in contact with
water.

The SEM does not seem to be able to resolve the substructure of the fibre
cross section. When the fibre were broken some structure could be seen, see
section 4.2.2, but it could not get the same details as with the AFM.
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6 Conclusion

Both the exterior and the cross section of the wool fibers have been studied
using the AFM.

When the exterior of the fiber was imaged with the AFM, only a small
part of the fiber was covered. This makes the AFM mainly suited to look at
details on the surface of the exterior of the fiber. In cases where the whole
fiber is of interest an optical microscope or SEM may be just as useful.

For preparing the cross section samples, the microtomography provided
a suitable surface for imaging with AFM, although the grooves from the
cutting should be minimized. The embedding material should preferably
have as little influence on the expansion of the fiber as possible, epon is not
an ideal choice.

It was possible to study the internal structure of the fiber, down to the mi-
crofibrils. The phase images proved helpful when studying smaller struc-
tures. The AFM provided far more details than the SEM. The structure
changed when it was exposed to moisture. Not so much for small amounts
of water, where it only looked bloated, but quite profoundly when sub-
merged in water, then the macrofibrils could no longer be recognized and
the microfibrils had swollen.

6.1 Future work
For future work it would be interesting to study how the internal struc-
ture changes as a function of relative humidity. This could be done with a
container similar to that in [13]. This might also help in understanding the
origin of the structure of the submerged fiber, which also should be stud-
ied further. It would also be interesting to study the effects of the Hercosett-
treatment with respect to the moisture handling properties of the wool fibre.

A better alternative for studying the effect of moistening the exterior of
the wool fibers could be to use an environmental scanning electron micro-
scope (ESEM) such as described in [19].

When studying the cross section with respect to moisture it would be in-
teresting to try different embedding materials, mainly more pliable materi-
als. Embedding the fibers while they are wet could also be considered. Also
different types of tips for the AFM may be tested to see if it is possible to
obtain even more details.
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