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Sammanfattning

An arthroscope is a diagnostic instrument for visualisation of the interior of a joint. By
adding a laser to an arthroscope and feeding the images to a computer, one gets an method
to measure the structure of the cartilage covering the joint. This gives an added diagnostic
value. The laser will create laser speckles and this report covers the basic theories behind
this. The anatomy of the joints, the properties of cartilage and the background on the disease
arthritis are also covered, as well as the field of surface topography and image processing.
Experiments were performed on three different materials - metals of different definite
surface roughness, polymerised collagen and bovine articular cartilage.
The conclusion is that the technique would work, providing that some obstacles could be
overcome. The technique itself is very precise and detects nanometric differences in the
surface structure, making it extremely interesting for research purposes, such as follow-ups
on treatments and studies of arthritis and cartilage repair.
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Abstract
An arthroscope is a diagnostic instrument for visualisation of the interior of a joint. By adding
a laser to an arthroscope and feeding the images to a computer, one gets an method to
measure the structure of the cartilage covering the joint. This gives an added diagnostic value.
The laser will create laser speckles and this report covers the basic theories behind this. The
anatomy of the joints, the properties of cartilage and the background on the disease arthritis
are also covered, as well as the field of surface topography and image processing.
Experiments were performed on three different materials - metals of different definite surface
roughness, polymerised collagen and bovine articular cartilage.
The conclusion is that the technique would work, providing that some obstacles could be
overcome. The technique itself is very precise and detects nanometric differences in the
surface structure, making it extremely interesting for research purposes, such as follow-ups on
treatments and studies of arthritis and cartilage repair.
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1 Preface
All work on this report was carried out at the Department of Biomedical Engineering at
Linköpings universitet.
The basic physical principle, on which this paper is founded, is that a beam of laser light,
when scattered from a rough surface, carries extensive information about the surface. This
phenomenon is interesting for all sorts of reasons, but certainly useful when it comes to the
studies of living tissue, as the scattering of light offers a painless measuring technique that
does not harm the tissue.
One of the ways to analyse the scattered light is to study the speckled field that the reflected
beam presents in a receiving plane at some distance from the scattering medium. This method
is called laser speckle imaging and it is investigated in this report with the intention of putting
it to use within the frame of a normal arthroscopic investigation, thereby giving the physician
additional information regarding the structure of the cartilage. Arthroscopy is the endoscopic
operation in which the physician navigates inside the joint guided by a small camera.
1.1

Background

The basic assumption is that the disease known as arthritis changes the structure of the
articular cartilage, making it more rigid and less smooth. Early detection of arthritis can
hopefully lead to preemptive strikes against the disease.
Within the field of medicine, researchers are always striving toward more precise methods to
measure physiological phenomena and alternative ways to analyse the human body. With
better techniques, it would be possible to make more immediate and more accurate diagnoses
of the patient’s ailments. It is also of utmost importance that the measurement does not harm
the tissue or affect the physiology in any way. Hence, optical methods are ideal. They can be
made very precise and do not necessarily have to be in physical contact with the body part of
interest.
The first lasers were built in the early sixties and a little more than a decade later, researchers
started to work on ways to analyse the properties of surface roughness through a study of
speckle patterns [1, 2]. Now, thirty years later, there is a new interest in this field, as the fast
computers and new digital cameras with high resolution CCD-arrays make it possible to
easily capture and analyse laser speckle images in real-time.
1.2

Purpose

The research in progress at the department of Biomedical Engineering at the university in
Linköping covers a lot of different areas of interest, both when it comes to technology and the
field of medicine. One of the projects focuses mainly on articular cartilage, trying to find
ways to quantitatively diagnose the cartilage during arthroscopy, such as measuring cartilage
thickness [3].
When it comes to assessing the cartilage surface and its roughness, laser speckle imaging was
suggested as one approach, which led to this Master's Thesis project. If the idea works out, it
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will be possible to detect really small changes in the cartilage surface caused by trauma or
disease.
1.3

Problem domains

This thesis involves several fields of study. Particularly the five problem domains presented
below deserve some extra attention. Each of them are handled more in detail in later chapters.
1.3.1 Medicine
It is important to understand cartilage morphology and to find out what separates cartilage
from other tissues. How the cartilage is affected by disease, the pathology of cartilage, is also
an important topic. This chapter focuses on arthritis and treatments of this disease.
1.3.2 Surface structure
The whole purpose of making an optical analysis of cartilage is to provide physicians and
other interested parties with some hard figures helping them reach decisions based on the
status of the cartilage.
Characterising a surface is not easy. It can be rounded, wavy, deeply jagged with sharp or
more soft slopes, and the texture does not have to be the same in all directions of the surface.
Within the industry, several methods are used when measuring surface roughness, some
capable of producing hundreds of different parameters.
1.3.3 Basic optics
Complete understanding of the phenomenon known as laser speckle is far from easy to
achieve. A laser is a unique light source and the key to the speckled pattern is the laser’s
coherence and the optical phenomenon of interference. The chapter on basic optics does not
cover all the basics of optics, but enough to explain the terms relevant for this thesis.
1.3.4 Laser speckles
The speckle pattern might look completely random, but using statistics one can learn a lot
about the medium that created the pattern. There is extensive math behind the statistical
proporties of the speckle pattern, based on the optics of the scattered laser beam. The pioneer
work was published in the seventies and these findings were used as a foundation when
analysing the speckle images [1].
1.3.5 Imaging and image processing
Capturing the laser speckle image with the use of a digital camera and then analysing it, is the
fifth and last problem domain of this thesis. Producing high quality images, in this case
getting sharp close-ups of bright speckles at a given distance, demands a short course in
photography.
All image analysis was done in MatLab, a software tool for technical calculations.
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1.4

Scope

This report evaluates laser speckle imaging as a possible application for use on cartilage
during arthroscopy. The method is only analysed for its ability to register changes in surface
structure, and not for other cartilage characteristics, such as thickness or load capacity.
The changes in cartilage structure is studied by using already known speckle statistics. The
math needed to fully understand laser speckles will not be explored in this report.
1.5

Acknowledgements

Anders Johansson for his support, calm and patience.
Fredrik Persson for his TLC and proof reading.
All the people at IMT, many which actually seemed to take interest in my project, gladly
helping out when asked and gladly sharing good advice, even if I didn't ask.
Jim Nordlander and Lars Johansson for help on camera related issues.
Finally a big tribute is due to my family back home in Söderhamn. All have been waiting too
long for me to complete my education by submitting a master’s thesis.
1.6

Report structure

In accordance with normal standards in report writing this thesis takes you from the
background and theory, on towards the experimental set-up, after which you are presented
with the results from three experiments and from there a discussion takes you to some final
conclusions.
Because of the different domains covered in this thesis, the theory part of this report consists
of five main parts. Chapter two to six cover these domains, one at a time.
Chapter seven describes the basic set-up. This starts with the laser, includes tested objects, a
speckle screen and the camera.
Next chapter, number eight, explains how MatLab was used for custom image processing.
Three different experiments then gets a chapter each where those experiments are explained
and the results are presented. First there was the validation of the possibility to measure
surface roughness by using metal surfaces with known roughness. Then there was an
interesting attempt to polymerise collagen in the lab and analysing its structure. Finally,
attempts were made, ex vivo, to distinguish healthy bovine cartilage from damaged. The
damage here was achieved by rubbing the cartilage with sandpaper.
All results from the experiments are then summed up in the following chapter, along with
some thoughts of the laser speckle technique’s advantages and drawbacks.
The last chapter summates what has been learned from the work on this thesis by discussing
the possibilities of using the laser speckle technique during arthroscopy and provides some
suggestions as to what would have to be done in order to make this a reality.
The report is then rounded off with some recommended reading, references and a dictionary.
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2 Cartilage
2.1

Basic properties

There are three kinds of cartilage present in the human body - hyaline cartilage, fibrocartilage
and elastic cartilage, all which share the same basic properties. This report focuses on the
cartilage found in joints, which is mainly a hyaline cartilage, the most common kind.
Fibrocartilage is strong and rigid and found in the intervertebral discs and the menisci of the
knee, whereas the elastic cartilage mainly forms shapes and gives support to certain structures
such as the auricle, the external ear [4].
All cartilages are constructed from a ground substance, a matrix of collagen fibres and
proteoglycans. Collagen is the most abundant protein in the body and it makes up for more
than half of the dry weight of cartilage. Proteoglycans consist of different polysaccharide
chains bound to a protein core [5]. These are relatively large molecules and they contribute to
about 75% of the ground substance’s total volume.
In this three-dimensional structure, the chondrocytes reside. These cells synthesise the ground
substance around them and have to rely on diffusion when absorbing nutrition or getting rid
of waste products as cartilage has no blood supply or lymphatics. There are also no nerves
present in cartilage.
Cartilage, especially the articular cartilage found in joints, has a high water content.
Approximately 60-80 % of the cartilage’s wet weight is plain water, all held in place by the
proteoglycans.
2.2

Function

Cartilage has different functions depending on its type and localisation. Keeping our focus on
the hyaline cartilage found in joints, usually referred to as articular cartilage, it reduces the
friction between the interacting bones and it also works both as support and a shock
absorbent. Although the cartilage can withstand heavy loads and extensive wear, the layer of
cartilage at the end of the bones in a joint is no thicker than 2-4 mm. It is situated as seen in
Fig. 2.1. Cartilage thickness for the femur (thighbone) is normally around 2 mm and 3 mm for
the patella (kneecap) [7].

Figure 2.1 Articular Cartilage in Joint.
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The cartilage has a unique feature; it can withstand high pressure and it also shows great
flexibility. It is commonly believed that this feature is due to the high water content. When
placing a load upon the cartilage, some of the water is forced out of the matrix, but this water
is absorbed again when the load is removed [8]. This is how cartilage can sustain heavy loads
without breaking or damaging surrounding tissue.
When it comes to explaining the mechanisms behind the extremely low friction of a normal,
healthy joint, several theories have been presented. All joints are enclosed within a capsule
containing a fluid called synovia and although all researchers seem to agree that this synovial
fluid works as a lubricator in some way, they are still not sure exactly how [9].
2.3

Pathology

Cartilage can be affected by trauma or disease, and naturally by just ageing.
After adolescence the cartilage slowly changes in thickness, chemical compound, colour and
mechanical properties. The cells decrease in number and also tend to produce less perfect
molecules. The collagen structure becomes more stabile, but less flexible, as the metabolism
decreases. Some crystal deposits can be found at the surface of older cartilages [10].
Arthritis is an inflammatory disease of the joints, with a slowly degenerative progress. At
least twenty percent of the adult population that is forty years or older is suffering from
arthritis in some degree [11]. The first sign of onset is some stiffness in the joint or pain when
it is overstrained. As it progresses, there is also pain during movement and in the later stages
the patient suffers from pain even during rest and has severely reduced mobility.

At these ending stages, the arthritis is no longer just affecting the cartilage, but all other
tissues in the joint, including adjacent bones. All joints in the body can be affected by
arthritis, but usually it strikes at knees, hips, fingers or the spine.
When the cartilage is affected by arthritis, the surface loses some of its shine and becomes
more rugged. This is usually referred to as fibrillation. As the arthritis progresses, cracks and
fissures appear in the surface, some reaching as far as to the bone. As the cartilage becomes
more and more disorganised it also retains more water, it swells. The most common
explanation for this is that the collagen matrix loses its ability to properly limit the amount of
water the proteoglycans attract to the cartilage.
The diseased collagen is not only disorganised, it also changes its nature, becoming more like
the kind of collagen found in the fibrous cartilages. Some osteophyte formation (bone
proliferation) is common. The deposition of crystals containing calcium can also cause the
cartilage to calcify, so called chondrocalcinosis [5].
Other diseases, trauma or immobilisation of a joint can also serve as an on-set of arthritis.
This is referred to as secondary arthritis.
2.4

The surface

The texture of the articular cartilage surface plays an important part when it comes to
providing the joints with low friction and endurance. This makes the cartilage surface and
how it is affected by disease and age especially interesting.
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If the cartilage is young and healthy, the surface is smooth and shiny and the collagen fibres
are small and thin. In the superficial zone, the outermost layer, most of the fibres and cells are
oriented so that they lie parallel to the surface, whereas the orientation of the fibres in deeper
zones are not as straight and either random or perpendicular to the surface [5, 10].
There seems to be some disagreement about what is considered to be the superficial zone of
the cartilage. Some say that its thickness is around 100 µm [12], some say 4-8 µm [13] and
some refer to the superficial layer as being just 0.03-0.1 µm thick [14].
Some discrepancies also exist regarding the diameter of the collagen fibres. Researchers using
electron microscopes state that the average diameter of collagen fibres in the “superficial
zone” is everything from around 17 nm [15], through 35 nm [16] to over 140 nm [14]. Studies
made with an atomic force microscope (ATM) suggest that the fibers are even smaller,
presenting average diameters of 3-12 nm [17].
Studies of experimentally induced arthritis show that one of the first signs of degeneration is
the loss of proteoglycans at the surface [10, 18]. This depletion would most likely correlate
well to the cartilage surface roughness. The same should hold true for fibrillation.
2.5

Clinical evaluation

When a doctor suspects arthritis, the most common approach is to request a regular X-ray.
Based on different scoring systems [19], the doctor forms an opinion of the status of the joint
by looking for areas where the adjacent bones seem closer than normal, indicating cartilage
loss, or searching for signs of osteophytes, sclerosis, cysts or deformations.
Since cartilage and other soft tissues are hard to make out in an X-ray image, other tools
might be used to help diagnose arthritis. This includes magnetic resonance imaging (MRI),
arthroscopy, biopsies and various chemical analyses [11, 20].
2.5.1 MRI

MRI is very good for reproducing images of soft tissue, and there is no problem
differentiating the cartilage from surrounding tissues, but some obstacles still exist when
using this tool to determine cartilage volume and thickness within a joint. Most of these
problems have to do with different types of artefacts distorting the images [21].
Fissures and lesions should be clearly visible by MRI, but besides that it does not say much
about the surface structure of the cartilage. The main advantage of this method is that it is
completely non-invasive.
2.5.2 Arthroscopy

By using a fiber-optic probe, inserted through a small incision, it is possible to get images
from within the body, without having to cause too much damage to the skin or tissues. Guided
by video information from this probe, physicians can insert other tools to perform surgery.
The device is called an endoscope, but it has different names depending on where in the body
it is used. Utilised in a joint it is referred to as an arthroscope. The operation, during which it
is used, is called arthroscopy and Fig. 2.2 shows what an image from such an operation might
look like.
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Figure 2.2 Arthroscopic image from an operation of the knee showing a torn meniscus [22]

An endoscope can be made very small and also flexible. In needle arthroscopy, the probe is
less than 3 mm in diameter [23]. New technology constantly improves the quality of the
arthroscopic images. All influencing factors, such as light, focus, magnification, contrast and
resolution will be discussed later on in the chapter on imaging.
2.5.3 Chemical analysis

The synovial fluid should be analysed when trying to diagnose arthritis, and some blood tests
should be made to rule out other possible diagnoses [11]. Crystal deposition at the cartilage
surface can also give some direction.
If cartilage is removed through excisions it can be stained by for instance safranin O or
toluidine and by this kind of colouring it is possible to see fibrillations, loss of proteoglycans
or other matrix depletions [6].
2.5.4 New approaches to arthroscopy

It is more an exception than a rule to confirm arthritis by use of arthroscopy. However, since
the technology becomes more elaborate, it can be made more useful. Many have had the idea
of incorporating more features into the existing arthroscopes. The people behind optical
coherence tomography (OCT), try to complement arthroscopy by imaging tissues to a depth
of 2.8 mm using backscattered low-coherent light [24]. The images suffer somewhat from
banding effects or “ghost shadows” caused by interference.
Using sound waves in the same way creates an ultrasonic probe, which is an idea that also has
been tested [20]. Since the sound travels faster in cartilage suffering from osteoarthritis than
in normal cartilage [25] and the angular scattering relates to surface roughness [26], it could
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be possible to use this technique to measure both cartilage thickness, pathology and assess the
surface using sound.
In the chapter on laser speckles there is a short description of the technique that uses laser
speckles to measure blood flow. This technique has also been evaluated for use during
endoscopic surgery where it is called laser speckle perfusion imaging (LSPI). This is an
alternative to the more common way to depict blood flows – laser doppler imaging (LDI) [27,
28].
None of these probes are in clinical use during arthroscopy, so there is still a lot of research to
be done. Measuring cartilage surface roughness by use of speckle patterns, which is the
approach investigated in this report, might be another way to complement the arthroscope.
2.6

Rehabilitation

Since there are no blood vessels in cartilage, it is usually considered an inactive tissue, but
actually capable of some repair in the event of damage or disease. This is possible through
diffusion, but the process of healing and growth is very slow. The process also tend to repair
damaged hyaline cartilage with fibrocartilage, so sadly it seems that hyaline cartilages can
never fully heal once integrity has been lost.
Arthritis is not an aggressive disease, it evolves slowly, which gives good room for clinical
intervention between the actual onset and the first X-rays confirming the diagnosis. Several
years usually pass between these two events. The problem is knowing what to do about the
degeneration, and there is no known cure for osteoarthritis [29]. Much can be done however
to slow down the progress or relieving the patient from the pain it causes.
2.6.1 Medication

Usually patients have to settle for pain relievers or anti-inflammatory medication. Relief from
milder pains can be achieved by simple analgesics such as acetaminophen or ibuprofen, while
patients with severe pain might require opioid therapy. A number of studies have shown that
administration of glucosamine and chondroitin sulphate might increase the metabolism of
damaged cartilage. These studies were mostly conducted by the producers of the
pharmaceuticals and further investigation is needed [29].
Many patients have a steroid called cortisone injected directly into their troubling joints, but
this treatment should be used with caution and only on inflamed joints with hydrops, fluid
retention [30].
2.6.2 Behavioural interventions

Information about the nature of cartilage and the physiology of the joints are good ways to
help patients cope with damaged joints. Moderate exercise stimulates the cartilage to growth
and self-repair, but one must be careful not to overload the joint. Reducing any overweight,
building muscles or using a cane are simple but good ways to slow down the degeneration
[30].
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Muscles stabilise the joint and help to distribute impacts, but also support the functionality.
This functionality, flexibility training and cardiovascular exercises, also help to lessen
symptoms of arthritis.
2.6.3 Surgery

If medication or behavioural intervention fails to help the patient, there are some surgical
interventions to consider. One is osteotomy, a method of reshaping the bones of the joint so
that any deformities are eliminated [31], which changes the way the joint distribute the loads
put upon it.
Another possibility is arthrodesis, joint fusion, immobilising the joint in the hope to eliminate
severe pain. This is rarely applied on damaged knees, but quite effective on smaller joints,
such those in the wrist, hand, foot or on a small part of the spine [32].
Arthroscopic surgery is another option, but at the last stages of arthritis the most successful
intervention is arthroplasty, where you replace damaged tissues with metal or plastic [30].
2.6.4 New treatments

There are many new technologies evolving with the intention of helping cartilage to recover
from damage or disease, but most follow one of two strategies. The first is trying to stimulate
the remaining healthy cartilage to repair itself and the other one is some form of cartilage
transplantation. These transplantations seem to work well on limited damages, but are not
very applicable for diseases such as arthritis where the cartilage effects are not as localised
[30]. The most common of these new treatments is autologous chondrocyte implantation,
ACI [33]. Some researchers also think that it is possible to restore the loss of proteoglycans by
curative means [34].
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3 Surface structure
Just by running the tip of your finger along a surface you will get quite a good feeling about
"the roughness" of that surface. It would probably be easy enough to compare several table
surfaces in this way, grading their roughness and standing a good chance that the grading
produced would be the same even if repeated several times or by different persons. This can
be thought of as a comparative method. The microscale comparator tested in the experiment
section of this report is an example of a device used in this way.
3.1

Defining roughness

Since the comparative method seems to work well, at least on most engineered surfaces, it is
quite tempting to believe that it is straightforward enough to define what surface roughness
really is.
However, giving the idea of roughness a second thought one realises that there is more to it.
Sometimes surfaces are wavy or rougher in certain directions than others and roughness is
clearly relative, meaning that for instance a kitchen table is quite smooth compared to the
surface of the moon and the same kitchen table would be considered extremely rough
compared to the surface of a silicon crystal. That, among other things, is why the industry has
hundreds of different parameters to choose from when discussing roughness [35].

Figure 3.1 Surface with both rough and wavy features

If the surface is wavy as in figure 3.1, the roughness refers only to the smaller scale
topographic variations. Should the surface features have different directions, then these
directional striations is referred to as lay. Neither waviness nor lay is included among the
parameters of roughness [36]. Upon measuring these kind of surfaces, you have to chose the
area or technique so that the waviness is not an obvious problem. In the case of using optical
methods, this can be accomplished by using a narrow focused beam that covers enough area
to see the pattern in roughness, but is small enough not to be affected by the wavy character of
the surface.
On the other hand, if you do want a description for a larger part of the surface, surface
correlation is what is most commonly studied. This describes the relationship of how the
surface height varies along the surface. By expressing the statistical independence between
11

two points on the surface, you receive higher correlation for a flat surface. The flatter surface
is more predictable and looks approximately the same no matter the displacement between the
investigated points.
Surface correlation length is the displacement when this measurement is less than 1/e, where
e is the base of the natural logarithm [37]. Rough, randomly distributed, surfaces would show
very short surface correlation lenghts.
3.2

Different parameters

Ra, the average roughness, is the average of the vertical depth of all points from a plane fit to
the surface. From digital data, this would be calculated fom Eq. (3-1) where rn is the measured
vertical depth for each point n.

1
Ra =
N

N

∑r

n

n =1

(3-1)

This is the most common industrial measurement, but has several shortcomings as it says
nothing about the distribution of these depth, nor does it give any information about the angle
of the slopes, the distance between the peaks and it makes no distinction between peaks and
pits [35].
Fig. 3.2 and Fig 3.3 shows two sets of three surfaces, all with the same average roughness.
This illustrates how average roughness is too general in many situations.

Figure 3.2 Three different surfaces, but with the same Ra
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Figure 3.3 Another three completely different surfaces, still with the same Ra

Another common measurement is rms (root mean square), sometimes denoted Rq or σ, which
is the standard deviation of the surface heights, see Eq. (3-2). It is often used in theoretical
analyses.

Rq =

1
N

N

∑r
n =1

2
n

(3-2)

The most common roughness parameters are presented in Table 3.1.
Parameter
Ra
rms
Rp
Rv
Rt
H
Kurtosis
Rz
Skewness
ISO
Flatness

Short Description
Average roughness or average deviation
Root-mean-squared average of deviations
Distance from mean line to the highest peak
Distance from mean line to lowest valley
Maximum peak to valley height. Rt = Rp + Rv
‘Swedish Height’ Roughness between two predefined lines (eliminating spikes)
Measurement of the randomness of heights
Average of ten highest and lowest points
A degree of asymmetry of the height distribution
Measuring flatness with a Chebychev-technique
Table 3.1 Common roughness parameters [35, 37]
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In the recent decade an effort has been made by a European consortium to establish a set of
standards for three dimensional surface parameters. These so called ‘S parameters’ can tell
you almost everything there is to know about the properties of a surface [35].
3.3

Overview of measuring methods

3.3.1 Mechanical profiling

The first approaches at profiling were all based on some sort of stylus, a sharp needle dragged
along the surface, so that the deflection of the needle could be measured. This of course
corresponded well to the variation in heights of the surface, but only in one direction and there
is always a risk that the needle would scratch the surface, not only making the measurements
faulty but also damaging the surface [36]. The method is also quite slow and not useful unless
the surface can be uncovered to achieve contact. The stylus method is still widely used
though, as the method is direct and easy to interpret.
3.3.2 Optical methods

The optical approach is non-invasive, meaning that it is not in contact with the object and can
thereby make measurements without damage to the surface. This field is just booming at the
time this is written and it is being used in all sorts of applications, and naturally it is of great
interest within medical research as human tissues are both delicate and complex.
There are several optical phenomena to work with that are related in some way to surface
roughness. Most methods are based on light scattering and interference, two terms that will
be explained in the next chapter. Among the methods based on these phenomena we find
optical profilers, total integrated scattering, angle-resolving scattering and of course laser
speckle, the topic for this thesis.
3.3.3 Ultrasound

Sound waves also scatter when they are reflected against a rough surface. The angular
distribution of this acoustic reflection is proportional to the variations in surface height [26].
Ultrasound was originally used in this way to study the bottom of the ocean, which might be
considered a rough surface at a macroscopic level, but now it successfully measures rms
roughness values in between 0.2 and 3 µm [36].
3.3.4 Imaging methods

Today there are many different microscopes available, making it possible not only to profile a
surface, but presenting the user with detailed images and the possibility to produce
topographic maps at almost an atomic scale. For non-conducting surfaces this is done by the
atomic force microscope, AFM. This microscope can also provide surface height
measurements. The major disadvantage with AFM, and most other microscopes, is that you
have to remove a sample in order to study it.
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4 Basic optics
To understand what causes laser speckles, we need to grasp at least the basics of optics. This
chapter tries to help out with that and all information has been extracted from two sources,
probably well-known to most engineers, namely Introduction to Optics by the Pedrottis [39]
and Physics Handbook [40].
4.1

Nature of light

When scientists throughout the last centuries have been trying to describe the nature of light,
they have had to use two different, seemingly incompatible models - light is either a wave or a
stream of particles called photons. This wave-particle duality makes light, as well as other
h
where λ is the
matter, to behave according to de Broglie’s relation, which states that λ =
p
wavelength, h is Planck’s constant and p is the momentum.
The momentum is as always calculated from p = mv where m is the mass and v the velocity of
the object. Since we are discussing photons, we have the velocity c for the speed of light in
vacuum. This together with Einstein’s classic equation E = mc2 gives the photon a momentum
E
where c is the speed of light in vacuum and E is the energy of the photon.
of h =
c
Of course, light also follows the fundamental relations of a wave motion, such as c = λf and
1
T=
where f is the frequency and T is the period in seconds.
f
4.2

Geometrical optics

Given an optical system that is big compared to the wavelength of the light, the wave
character of the light can be ignored. Viewed in this way, light travels in straight lines, rays.
These rays radiate out from its source and obey two important laws – The law of reflection
and The law of refraction. The latter is more commonly referred to as Snell’s Law.
When light travels from one medium with refractive index n to another with refractive index
n’ as presented in Fig. 4.1, we see both laws in action.
The law of reflection says that the reflected light remains in the plane of incidence, the plane
that includes the incident ray and the normal to the point of incidence. The angle of the
reflected light is also equal to the angle of incident light, noted by φ in Fig. 4.1.
Snell’s law states that n sin φ = n’ sin θ [40] using the notation from the same figure. This
means that the refracted or transmitted light will deviate from its original path depending on
the new medium’s refractive index.
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Figure 4.1 Ray of light passed from one medium to another
4.3

Interference

Light propagating as a wave gives rise to the phenomenon known as interference.
When two or more waves travel together, or arrive at the same place in space, their combined
appearance is given by superposition, which is a principle that can be used to “add waves”.
The result will show changes in irradiance, the radiant power density, with maxima and
minima relating to points with constructive interference and destructive interference
respectively. For an image illustrating this effect, see Fig. 5.3, in the chapter on laser speckles.
For two superpositioned waves with the same wavelength the total irradiance, I, is
I = I 1 + I 2 + 2 I 1 I 2 cos δ

(4-1)

where I1 and I2 are the irradiance for each of the two waves respectively and δ is the
difference in phase between the waves. The last term is the interference term, only
augmenting or diminishing the total irradiance if the phase difference δ ≠ ±

π

. To sustain an
2
interference pattern the phase difference also needs to be constant in time, otherwise it
changes so quickly it passes by undetected. This constant phase between the waves is referred
to as coherence. There has to be some degree of coherence to observe interference.
Note that interference just changes the distribution of the energy, making brighter and darker
spots. The total energy is always preserved.
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4.4

Lasers

The word laser is really an acronym. It stands for Light Amplification by Stimulated Emission
of Radiation and stimulated emission was first predicted by Albert Einstein in 1916. While
investigating how electromagnetic radiation interacted, he came up with three basic processes
- stimulated absorption, spontaneous emission and stimulated emission.
Absorption is when a matter absorbs a photon and emission is when the matter emits a photon.
The spontaneous emission occur whenever there are atoms in excited states and a photon
takes off in a random direction. Stimulated emission on the other hand is only triggered by
external radiation, thereby emitting photons of the same energy, direction, phase and
polarization as that of the photon initiating the reaction. This is how lasers can amplify light;
one photon of a laser, results in two identical ones and an increase in intensity.
Since all photons have equal energy, they also have the same wavelength, making the laser a
unique light source emitting light of just one wavelength. The fact that all photons have the
same phase and direction makes the laser perfectly coherent, the feature that gives rise to
interference and thereby also the pattern known as laser speckle.
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5 Laser speckle
5.1

Speckle creation

The simplest set-up to create laser speckle from a rough surface is shown in Fig 5.1. In this
figure, D marks the diameter of the area illuminated by the laser and L is the distance from the
surface to the screen that displays the speckle pattern.

Figure 5.1 Simple set-up to create speckle patterns
Most surfaces are considered rough compared to the wavelength of a laser. When the coherent
light from a laser illuminates such a surface, see Fig 5.2, the light scatters. This means that
the reflected rays spread in out in different directions.

Figure 5.2 Light striking a rough surface
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These reflected rays can be seen as light waves emanating from the illuminated surface and
because of the laser’s coherence and the different depths of the rough surface, they cause
interference. The principle is the same as if the laser light would have propagated through a
diffusing medium before appearing as light waves at the surface [1].

Figure 5.3 Two waves interfering constructively (C) and destructively (D)
Fig. 5.3 shows the principle for two interacting wave fronts. A speckle pattern consists of
bright and dark speckles, bright where the wave fronts interact constructively and dark where
the interference is destructive. Provided that the set-up is kept in an environment without
vibrations and that the object is not moving in any way, this speckle pattern will be
completely still.
5.1.1 Objective speckles
As the wave fronts are present all around the surface, the pattern shows up at any distance
from the illuminated object. Projecting the light onto a wall or a screen will reveal the speckle
pattern. Fig. 5.4 below shows a typical grainy speckle pattern as the laser light has been
reflected from an rough object, in this case from bovine cartilage, onto the wall of the lab.

Figure 5.4 Speckle pattern on lab wall
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5.1.2 Subjective speckles
One interesting aspect is that laser speckles also show up in optical systems, caused by phase
variations throughout a lens. The eye is an optical system and an observer can see laser
speckles, so called subjective speckles, seemingly hovering in the space above the illuminated
surface.
These speckles will be in clear focus, regardless if the observer has poor eyesight or is trying
to focus on something else than the speckles. Actually it is much easier to spot the speckles if
your vision is not perfect. The speckles will then still appear sharp and predominant against
the blurred surroundings.
An interesting experiment can be made by noting in which way the speckles seem to move as
you move your head from side to side. Assume we would have been looking on the scattering
object when the image Fig 5.4 was taken. Far-sighted persons looking at the speckles will
have their focus on a plane slightly behind object and near-sighted persons slightly in front of
the object. The speckles, on the other hand, are in both cases imaged perfectly at the retina,
making it seem like they move differently compared to the background as you move your
head [41]. With perfect vision, the speckles would move together with the background.
However, when speckles are mentioned from now on throughout this report, they are all
objective speckles, as they are projected on a screen.
5.2

Speckle statistics

Although speckle patterns might look completely random, they carry information about the
scattering medium. This is because different characteristics of the rough surface lead to
different optical paths, resulting in interference that produce speckles of different forms and
different intensities.
5.2.1 Speckle size
The size of a speckle is defined as half the distance between two adjacent bright speckles.
Provided a simple laser speckle set-up, the average size of the speckles, Φ, can be calculated
by Eq. 5.1 below [1].
Φ = 1.2

λL
D

(5-1)

λ is the laser wavelength, L is the distance to the screen and D the diameter of the illuminated
area, as seen in Fig. 5.1.
This equation holds true for all flat surfaces, and is not in theory related to surface roughness.
However, given a surface that is not perfectly flat, the scattered light will produce a speckle
pattern where the speckles’ size and shape also depend on surface correlation length [42]. As
explained in the chapter on surface roughness, this length is a horizontal measurement relating
to how the vertical surface heights are distributed on a surface.
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5.2.2 Speckle contrast
The difference in brightness between the light and dark areas of an image is commonly known
as the contrast of that image [43]. In a speckle image the contrast is calculated according to
Eq. (5-2) below [1].
C=

σ1
<I>

(5-2)

C is the speckle contrast, σI is the standard deviation of the intensity and <I> is the mean
intensity. The speckle contrast is always a value between 0 and 1.
A high degree of coherence in the incoming light increases the contrast, and the contrast of a
speckle pattern is also proportional to the surface roughness. A completely smooth surface
would produce no speckles at all. If such an ideally plane non-scattering surface would be
possible to find, it would reflect the light beam completely, resulting in zero contrast. On the
other hand, if the scatterer is completely random, the contrast is C=1, presenting a pattern
with fully developed speckles. The contrasts in between, 0 < C < 1, represents a partially
developed speckle field [44].
The reasoning above implies that a rougher surface has a higher contrast and this has also
been confirmed in a number of studies. The relationship between speckle contrast and average
roughness is linear until it starts to saturate. This saturation will occur if the contrast
converges to unity or if the average roughness approaches the wavelength of the light. A
perfectly linear working range is expected to be around 0.02-0.3 times the used wavelength
[1]. This means around 13 to 200 nm for a He-Ne laser with a wavelength of 633 nm. Using
higher angles in the set-up, this working range has been extended to as much as 400 nm for
some metallic surfaces [45].
5.3

Speckle noise

The speckles that show up in optical systems are not always welcome. They limit the
resolution in, for example, hologram microscopy [36] or in OCT, optical coherence
tomography [46]. When speckles are considered a nuisance in this way it is called speckle
noise. This noise is extremely hard to eliminate.
5.4

Speckle measurement techniques

Besides measuring surface roughness, speckle techniques are used to study motion,
displacements or deformations [36].
One way to use speckle imaging is to make use of the fact that motion blurs the speckle
pattern. The speckle contrast is one way to measure this “blurring” as it will strive towards
zero as the pattern is dissolved. An example as to how this technique, often called laserspeckle-contrast analysis or LASCA, can be used to study blood flow is shown in Fig. 5.5.
Images were taken at Harvard’s Center of Biomedical Imaging.
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Figure 5.5 a. Raw speckle image of cerebral blood flow. b. Speckle Contrast Image
Usually speckle metrology is divided into two subsets – speckle photography and speckle
interferometry. The first is achieved simply by taking a speckle image before and after a
displacement or deformation. The latter is based on the classic interferometer by Michelson,
see Fig. 5.6. One method is to replace the mirrors with two diffusing objects, one for
reference and one is the object to be investigated. Another method is called speckle-shear
interferometry, sometimes just called shearography.

Figure 5.6 Principle of Michelson’s Interferometer
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6 Imaging
6.1

The digital image

A digital image is made up from small squares called pixels. These are the picture elements in
a two-dimensional matrix and every pixel carries information about how to colour that exact
square. Pixel information can be coded in different ways. The image formats mentioned
below includes the most common ones and they all work well in MatLab, which was the
image processing tool used throughout the work on this thesis.
Colour images are either represented as an indexed image or an RGB image. If it is indexed
you have two matrices, one is a colour map and the other matrix tells which colour to use
from this map at every pixel. The RGB image needs three matrices, one for each primary
colour (red, green and blue). A grey scale picture on the other hand, needs only one matrix.
Here, each pixel has a brightness value represented either as a floating number (one that can
handle fractions/decimals) between 0 and 1 or as an integer between 0 and 255 [47]. Finally,
the simplest format is a binary image where each pixel is either black or white, assigning 0 to
black pixels and 1 for white.
6.2

Basics of photography

Modern digital cameras can produce images with extremely high resolution by storing a vast
number of pixels for each image. The images are stored on memory cards, eliminating the
need for ordinary film. There is, however, no difference in the basic principle of taking the
photograph, it is just the manner how the photograph is stored that differs.
When taking photos with an advanced camera there are many available lenses, filters and
settings to choose from, but the most important features concern focus, shutter speed and the
aperture value.
Adjusting the focus so that the part of the picture you are interested in is sharp and detailed
sometimes has to be done manually. Usually this is because there are many elements in the
picture at different distances or that the object itself has low contrast, suffers from glares or
reflexes or is moving too fast for the auto focus to work properly [48].
The shutter speed is the duration during which the camera takes in light and the aperture
value regulates the size of the lens diaphragm, deciding how much light that can pass
through. These two have to work together to form a good exposure, both deciding in their
own way how much light that will reach the film or detector.
Higher shutter speeds generally eliminate blurring caused by motion. The aperture size is
usually calibrated in so called f-numbers, and besides controlling the amount of light entering
the camera, the aperture also affects the depth of field. This is a term related to how the
sharpness varies around the focused object. Contradictorily, choosing a small aperture value
on the camera results in a bigger opening and vice versa. A small aperture value also means a
more shallow zone of sharpness [49].
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The viewfinder is usually placed in the top right corner, whereas the actual photo is taken
from the centre of the camera. With a more advanced camera, this is taken into account so that
what you see in the viewfinder is exactly what will end up on the photo.
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7 Set-up
The lab set-up can be seen in Fig. 7.1, and includes a laser (1), a cart for test objects (2), a
speckle screen (3) and a camera (4) .

7.1 Lab set-up as seen from above
7.1

The laser

The laser used was a He-Ne laser, GL G5350 NEC, with an output power of 3.5 mW. This
helium-neon laser has a wavelength of 633 nm. The laser was firmly fastened in a tripod
standing on the floor and placed as close to the lab table as possible.
An output of 1-5 mW of visible laser light is classified as class 3R (sometimes also referred to
as 3a) by the international standard IEC 60825-1, which basically means that the used laser is
quite safe to work with. It is not damaging to the skin, and the eyes will be alright unless you
stare directly into the laser beam or a focused reflection [50].
Lacking exact data on the laser, the beam diameter was measured and a diameter value of six
millimetres was used throughout this report.
Summing up the data for the used laser we have: λ = 633 nm, Ø = 6 mm and P = 3.5 mW.
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7.2

Test objects

The objects to be tested were placed at point 2 in the set-up shown in Fig. 7.1 and were
illuminated by the laser beam. The object was placed in a small cart which could slide along a
rail. In this way it was possible to change the distances in the set-up.
Many objects were tested while getting to know the speckles, but three objects got a more
thorough investigation. These are presented briefly here in the set-up section, as the tests
made with these objects will be dealt with, one at a time, in the following chapters.
7.2.1 Surface finish comparator
A surface finish comparator is basically a metal plate with areas of different roughness. It is
originally intended for industrial use, and then you place it alongside the work piece you want
to examine and by feeling the surfaces, just by drawing the tip of your fingernail across them,
you can compare the finishes.

Figure 7.2 Surface finish comparator S-22
The comparator used in this report, see Fig. 7.2, was manufactured by GAR and goes by the
name S-22 because it provides 22 different surfaces. It ranges from the smallest roughness
height (2 micro inches or around 51 nm) to the largest (500 micro inches or around 13 µm)
[51]. The textures are manufactured in a couple of different ways. Some are grounded, some
honed and some are milled, all bringing different lays to the roughness.
7.2.2 Polymerised collagen
Collagen fibers, which make up the cartilage strucuture, can be created in the laboratory using
liquid collagen derived from animals. Collagen was polymerised as thin transparent layers on
microscope glass slides, and by letting the reactions take place using three different pH-levels,
we hoped to get three different fiber structures. One of the samples is shown in Fig. 7.3.
For these experiments, the laser was moved so that the light was transmitted, rather than
reflected. This was done to achieve enough intensity to make out the speckle pattern. As
mentioned in the chapter on speckle creation, there is no difference in the statistics between
speckles originating from reflected light and those arising from transmitted light.
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Figure 7.3 Polymerised collagen on a microscope glass slide
7.2.3 Bovine articular cartilage
A local butchery provided the bovine joints for the experiments. The cattle are quite young so
their bones, such as the one in Fig. 7.4, are covered with a couple of millimetres of healthy
articular cartilage.

Figure 7.4 Part of bovine hip joint
Tests were made on cartilage from the bovine hip joints, and in between experiments the
samples were stored in a closed jar of saline solution at +8˚C. No attempts were made to
preserve the samples using formaldehyde or other chemicals.
7.3

The speckle screen

The speckle screen acts as a scatter plate, providing an image of how the wave fronts interact
at that exact distance from the scattering object. Using a screen between the object and the
camera eliminates possible artefacts caused by interference of the coherent light and the
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optical system of the camera. Without a scatter plate the lens of the camera might make its
own, maybe somewhat distorted, idea of how the coherent rays are interacting [52].

Figure 7.5 Reflected light from bovine articular cartilage. a. Photographed without a screen
b. Exactly the same set-up, but with a paper placed in front of the camera
As seen in Fig. 7.5 a, the camera lens picks up speckles in the area around the reflected laser
beam. Changes in intensity can originate from all distances, causing interference in the
camera lens, producing speckles of all sizes.
The picture of the scatter plate should not play any tricks with the camera in this way, because
as the light is portrayed on the back of the paper, the coherence is lost and the picture should
be fairly accurate, see Fig. 7.5 b.

Figure 7.6 Close-up of the speckle screen in its holder
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In hope of getting a good image from behind the speckle screen, marked as point 3 in the setup shown in Fig. 7.1, the screen was created from a typical semi-transparent paper bought in a
local book store. This paper was favoured over the typical plain, white copy paper, as the
latter is a little bit more opaque and diffused the light making the already vague speckle
pattern appear even vaguer. The paper was placed in a small cardboard frame as seen in Fig.
7.6, so that it would be kept straight and could be placed in a holder on another sliding cart.
7.4

The camera

Modern digital cameras have no problem rapidly capturing images and presenting correlating
matrices of colours and intensity, which can then easily be transferred to a computer.
The camera used was an Olympus E-10, a modern digital CCD-camera, producing images
with a maximum resolution of 2240 x 1680 pixels. This camera has a variety of settings, some
mentioned in the chapter on basic photography, and these were tested and adjusted carefully
so that the speckle images would turn out clear and in focus.

7.4.1 Settings
Projecting the speckle pattern on a screen gives a backlit subject, which confuses the auto
focus function. This makes it necessary to use manual focus. The focusing on the speckle
screen was done in normal lighting and this focus was then kept when the laser was turned on
and the room was otherwise in darkness. No flash was used and the distance between the
camera and the screen was a little more than two decimetres, close to the minimum distance to
achieve a good close-up with maximal zoom of the speckle pattern.
Originally, the intention was to choose a high shutter speed, making sure the glaring speckles
would not blur the image and then choose the largest aperture to compensate for lack of light
entering the camera due to the high shutter speed. Large aperture also means a shallow depth
of field keeping the focus only at the screen, but after some experiments it was evident that
these settings did not work well. In fact, it turned out that the exact opposite settings made up
the best image. A low shutter speed, two seconds, was needed to make sure the image turned
out bright enough and the smaller aperture provided larger speckles which made them easier
to study.

7.4.2 Pixel size
The number of pixels that make up an image will always be the same, regardless of what has
been photographed. This means that an object in a close-up photograph consists of a lot more
pixels than if the object was photographed from a distance. When photographing a speckle
image it is of uttermost importance that the camera pixel size is much smaller than the speckle
size, so that no conflicts occur as to whether a pixel is bright or dark. Making sure that the
image pixel size is magnitudes smaller than the speckle size is important to ensure the forming
of adequate speckle statistics [53].
The speckle size is easily approximated from Eq. (5-1). Note that in the set-up, the angle of
incidence is approximately 45°, so that the laser with its beam diameter of 6 mm illuminates
an area of around 8.5 mm.
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Verifying the image pixel size was done by adding a ruler to the speckle screen and counting,
in MatLab, the number of pixels between the millimetre markings. In the example seen in Fig.
7.7, it is easy to approximate the camera pixel size noting that the two hundred pixels cover
seven full millimetres.
This image pixel size, around 35 µm, is sufficient as long as we keep the scatterer and the
screen more than 38 centimetres apart. This distance is noted with an L in Fig. 5.1 and
Eq. (5-1). In that way the speckle size will never become smaller than what the camera can
register.

Figure 7.7 a. 2240 x 1680 pixel image of speckle screen with ruler
b. 200 x 200 pixel image, part of the same image in greyscale.
7.4.3 Lenses
Increasing the distance between the test object and the speckle screen is one way to make the
speckles bigger and easier to register. But if the distance is too long, the intensity of the low
power laser will not be enough to provide a good speckle image. Another approach is to
magnify the speckles using camera lenses. These do not reduce the intensity and are useful as
the camera has limitations as to how close you can go and still get well-focused close-ups. By
using magnification lenses, a somewhat smaller area of the object is seen, but appearing larger
and thereby more clearly. The reduction of the portraited area does not have any significance
in this case, as MatLab only studies a very small portion of the image.
Macro lenses (Hansa) of three different magnifications, labelled +1, +2 and +4, were tried out
in the experiments. When using these kinds of lenses, one should usually be aware of an
effect called chromatic aberration, which means that the lens treats lights of different
wavelengths (different colours) in different ways [54]. However, in this case we have only
one wavelength to start with, so it is unlikely that any non-uniform artefacts should arise
when using the lenses.
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7.5

Distances

Placing the laser close to the test object means that the laser light has less time to change in
width and intensity before hitting the target, which is a good thing. This way the diameter of
the illuminated area will be known and the intensity almost maximised, making the speckles
appear more clearly. The laser on its tripod placed by the table gave a distance of around 45
centimetres to the object in the basic set-up.
The distance between the object and speckle screen had to be chosen with Eq. (5-1) in mind,
so that the speckles were big enough for the camera to register. Based on the calculation of
the camera pixel size above, we know that this distance at least has to be 38 centimetres. In
the basic set-up a distance of around 80 centimetres was used. Enough to ensure that the
speckles consisted of at least a few camera pixels and to provide enough intensity to make
them out.
Finally, the distance between the screen and the camera lens was about 25 centimetres, which
was the shortest distance which gave clear focus close-ups of the speckle pattern.
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8 MatLab
The computer is not visible in the set-up described in the previous chapter, but this is however
the end station for the acquired speckled image. Since the pictures are taken by a digital
camera, they are readily available in matrix form, and MatLab works as a very handy imaging
tool. The version used was MatLab 6.5 with installed toolboxes for signal- and image
processing.
There is a lot of information in the image matrix created from the speckle pattern. As
mentioned in the chapter on speckle statistics, speckle contrast and to some degree speckle
size, correlates to surface textures and MatLab scripts were designed and implemented to
calculate these values.
To calculate speckle contrast, a grey scale image of the speckle pattern was studied. The same
image was then converted to binary format, facilitating the approximation of the average
speckle size.
8.1

Calculating speckle contrast

The beauty of the speckle contrast is its simplicity, at least when you are dealing with digital
images. Eq. (5-2) says that the standard deviation of the image is to be divided by the average
intensity, both factors easily derived from an image matrix consisting of intensity values. The
intensity at any given point on the speckle screen is the sum of all the wave amplitudes
arriving at that point as explained earlier.
The original digital image from the camera is in colour, but MatLab can easily convert
between different image formats and in this case the RGB-image matrix becomes an intensity
image matrix, which is equivalent to a grey scale image.
Normally, this kind of conversion means that information is lost in the process, since there
could be all sorts of coloured pixels resulting in the same intensities. But in this case, when
we only have one wavelength and we are only interested in the actual intensity in each pixel,
no information is assumed to be lost.
8.2

Approximating speckle size

Finding the size of each speckle is a much more difficult matter. The brightness of each
speckle is not in any way constant within each speckle, nor when comparing speckles in the
same image. And since their shapes are often irregular, there was a challenge finding a fast,
easy way to measure the average speckle size in a speckle image.
Detecting speckles row by row or column by column, searching of frequencies corresponding
to the number of speckles, turned out to be extremely time-consuming and surprisingly often
did not correspond well to the variations in speckle size clearly visible by the eye.

8.2.1 Finding the speckles in MatLab
The method used is based on MatLab’s own function regionprops. This is a function that only
works on binary images, an image whose matrix consists solely of 0’s and 1’s. In this case,
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the dark speckles would be 0’s and the bright speckles 1’s, accomplished by thresholding the
intensity speckle image. Thresholding means that given a certain value, each matrix point
bigger than this value will be converted to a 1 and each value that is smaller will be
represented by a 0 [55].

Figure 8.1 Thresholding of a grey scale speckle image (a) resulting in binary image (b)
In the final script, thresholding was done by comparing each point to the mean intensity
value. Of course, by converting colour images to black and white ones, lots of information is
lost. Fig. 8.1 shows a small part of a speckle pattern, and due to the low intensity in the grey
scale picture (a), it is really hard to make out the speckles. However, conversion from grey
scale to binary format, (a) to (b), makes the speckles appear more clearly and they become
much easier to handle. This gives us a fast way to produce a rough, but somewhat accurate,
value correlating to speckle size.

Regionprops is a powerful function providing, as the name implies, properties for each region
in the image. By region in this case we are referring to the bright speckles, as every region is
made up by connected 1’s in the matrix. We are interested in the area of the regions, one of
the basic properties and for each speckle image the average area of a bright speckle was
calculated. This is not per definition what is defined as speckle size, which is “half the
distance between two bright speckles”, however the speckle area correlates well to this
defined speckle size and will work just as fine when we are mainly just comparing speckle
images. But to ensure that this approach worked and that the MatLab scripts were providing
useful values, it needed to be tested.
8.2.2 Validating the MatLab script
To be able to test the script calculating speckle size, three images were taken. The images all
showed the same speckles, created by a rough plastic surface, but with different
magnification. This means that for each image the speckles grow larger and spread out just as
they would if we had focused the laser beam or increased the distance between the object and
the speckle screen, all according to Eq. 5-1.
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The three speckle images, one taken with no close-up lens at all and two with lenses of
magnification +1 and +4, showed that MatLab in these cases provided average area values
correlating well with the increased speckle size. The actual number of speckles was also noted
to ensure that the speckles actually spread out leaving fewer and fewer speckle spots in the
same investigated image when the magnification increased. In Fig 8.2 the relationship is
described in diagrams, first comparing speckle sizes and then the number of speckles in each
image.
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Figure 8.2. MatLab analysis of three speckle images of different magnification.
Lens number vs number of speckles (left) and Lens number vs average speckle area (right)
The function written to calculate speckle contrast was tested as well, providing the same
contrast for all three images, 0.59 ± 0.006 (mean ± standard deviation), which was to be
expected since the material or point of measurement never changed.
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9 Reference metal surfaces
Speckle patterns generated from the metal surface comparator were all very distinct and with
strong contrast, as the light was completely reflected by the flat metal plate.
9.1

Choosing lay

It would have been nice to compare the smallest available roughness on the scale, but these
honed surfaces did not provide good speckle patterns in this set-up. The bright reflection
dazzled the camera completely, probably because the minute scratches were very few and as
they were randomly distributed it was hard to make out any interference pattern.
The grounded (G) surfaces were chosen instead. These surfaces, with a average roughness
height (Ra) of 8, 16, 32 and 63 micro inches, are manufactured by making parallel valleys
with the periphery of a small wheel [51], a structure that well resembles thin and long fibres
as those in cartilage tissue.
The roughness of 8 to 63 micro inches translates to around 0.2 to 1.6 µm, making it evident
that the two roughest of these surfaces have vertical heights that are larger than the utilised
wavelength. This means they exceed the range within the speckle technique is applicable, as
discussed in the chapter on speckle statistics. Other studies of grounded metal surfaces have
shown a linear relationship up until 0.4 µm [45] so the surfaces tested were limited in this
experiment to 8, 16 and 32 micro inches. The first two surfaces are within the “working
range” of the speckle contrast technique, whereas the last of these is somewhat rougher and
probably produces a saturated speckle contrast value.
The measurements will be kept in micro inches in the figures.
9.2

Speckle contrast

Speckle contrast should correlate perfectly with normal surface roughness within the
discussed range. Results for two series of measurements, taken at two slightly different
angles, are shown in Fig. 9.1, indicating that the increased surface roughness does indeed
increase the speckle contrast.
In these measurements it is possible that the roughest surfaces did provide us with a saturated
speckle contrast value. It also seems that choosing an angle that provides lower contrasts
increases the scope of the method.
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Figure 9.1 Speckle Contrast versus Roughness of three grounded surfaces
9.3

Speckle size

As discussed earlier in chapter 5.2, a flat surface, such as the metal plate in this experiment,
should not really be expected to show that much difference in speckle size. However, while
running the previously designed MatLab script, it did appear that there was a tendency of
fewer and bigger speckles in the images as the roughness increased, see Fig. 9.2 and Fig. 9.3.
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Figure 9.2 Mean Speckle Size versus Roughness of three grounded surfaces
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Figure 9.3 Mean Number of Speckles versus Roughness of three grounded surfaces
These results regarding speckle size might be misleading as increased roughness also means
increased contrast, making it quite possible that the speckles do not actually grow, but are just
more easily detected. This is possible since the levels of intensity might vary within the
image, and when thresholding using the mean intensity, the script might interpret a larger
bright speckle as several smaller ones. An image with larger contrast would have more
defined speckles, making this kind of mix-up less likely.
Then again, it instinctively seem to make sense that rougher surfaces, even if they are
fundamentally flat, would cause the speckles to spread out, leaving fewer in the investigated
area. With the same kind of reasoning, each speckle would also spread out, grow bigger, with
increased roughness.
All the diagrams in this chapter were based on the same two series of measurements.
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10 Bovine articular cartilage
When shining a laser at bovine articular cartilage one receives a typical laser speckle pattern,
because although healthy and glossy, the cartilage is not perfectly smooth. The collagen
fibres, proteoglycans and cartilage cells, all make up a surface structure that the laser is
sensitive enough to pick up. However, it was far from easy to gather and ensure reliable
results from the cartilage speckle images. The encountered problems will be dealt with in this
chapter, one at the time, while presenting the results of the experiments.
10.1 Simulating diseased cartilage

Lacking access to diseased cartilage, we needed to simulate the disease. There are three
different approaches to simulate arthritis in the cartilage – mechanical, chemical or by use of
enzymes [10]. Even though these methods are used experimentally, they do not exactly match
cartilage structure in clinical arthritis.
The mechanical approach was chosen because of its simplicity. Initially the plan was to use a
grinding-machine, but working the cartilage surface with a sand-paper by hand worked well
enough, at least if the rubbing was made while applying some pressure. The sandpaper used
was Bruksbo Professional P180 and only a part of the joint was rugged to simulate damage
caused by disease or trauma. This kind of damage is not really altogether on the preferred
microscopic level, but did at least provide us with an area of different texture than the
remaining healthy part. Fig 10.1 shows roughly how a part of the cartilage surface was
grinded. Each quarter was about three square centimetres and D marks the damaged zone.
Areas I1, I2 and I3 were left untouched.

Figure 10.1 Schematic view of cartilage with an area of mechanically simulated disease
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10.2 Curvature of joint

The bovine joint is far from flat and its shape makes it hard to repeat all measurements at the
exact same angle. Even though the method measure differences in surface structure at
microscopic level, the macroscopic curvature of the joint spread the light in such ways that
the varying intensities also caused the speckle contrast values to vary. With an improved setup, this might not be a problem. Improvements could include utilising a more narrow laser
beam, so that the curvature would matter less and given the possibility to instantaneously
register the average intensity, one would be able in real-time to compensate for varying
intensity by instead changing the angle of incidence.
To see if it was possible to distinguish the damaged cartilage from the intact parts, speckle
patterns were collected four times from all four areas. Between each set of four
measurements, the joint was rotated 90˚ clockwise and a mean value was calculated from the
three intact quarters for each position. This was made in an attempt to minimise the effect of
the joint orientation on the patterns.
One would expect the damaged area, with its rougher surface and supposedly increased
waviness, to generate a higher speckle contrast and maybe larger speckles and the data shown
in Fig. 10.2 and 10.3 does not rule out this relationship, but is on the other hand not fully
conclusive. Note once again, that the relationship between speckle size and surface texture is
said to demand somewhat curved objects, see chapter 5.2.
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Figure 10.2 Average speckle sizes for bovine cartilage during rotation.
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Figure 10.3 Speckle contrasts for bovine joint during rotation.
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10.3 Water content

The joints were taken from the saline solution and placed in the cart for test objects at the start
of every cartilage experiment. It soon became obvious that the water content to a high extent
influenced the reflected intensity. In Fig. 10.4, two series of measurements are plotted, both
showing how the reflected mean intensity increased as the cartilage was allowed to dry. A
moist surface seemed to diffuse the light to a greater extent than a dry one, so when the
cartilage slowly dried, the intensity reaching the speckle screen increases.
The set-up never changed during the course of this experiment, so measurements were always
made at the exact same point. The mean intensity is given as the mean pixel brightness value
from the grey scale image. As explained in the chapter on imaging, these values are not given
in units of light intensity such as candela or lux, but as a floating number between 0 and 1.
In this manner, all cartilage experiments became time dependant. Measuring in situ during
arthroscopy would not allow the cartilage to dry in this way, but the change in signal intensity
due to water content is worth noting none the same, as diseased cartilage has a higher water
content due to swelling.
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Figure 10.4 Increased mean intensity in reflected laser light of drying cartilage over time
10.4 Decay and deposits

Other parameters might also affect the speckle contrast. From day one of receiving the joints,
normal decay started to alter the cartilage, even if it was kept cool. Without access to some
way to study the cartilage structure for reference, such as an AFM microscope, it was hard to
know how much damage this decay was causing. Judging by simple ocular inspection, the
damage caused by several weeks of decay was clearly extensive. The damage then seemed
more severe than the one achieved by grinding.
The cartilage is also known to have different structure at different locations of the joint. This
might cause problems when trying to locate minor damages as they might get lost in the
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normal natural fluctuation of the surface structure. Also, aged or diseased cartilage usually
deposits crystals at the surface, and it is natural to believe that these also will interfere with
optic measurements such as the laser speckle method. All forms of contamination should be
eliminated, or in some way offset, if one wants accurate results.
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11 Polymerised collagen
It is possible to polymerise collagen in a laboratory by using an acid solution containing a
small amount of collagen. When the acid is neutralised by a base, in our case liquid sodium
hydroxide (NaOH), the collagen starts to form a fibrous membrane [56].
11.1 Preparing samples

The samples were prepared on ordinary microscope glass slides using a 2 mg/ml-solution of
rat tail collagen in a 0.1% acetic acid [57] and a 5 M liquid sodium hydroxide. 400 µl of the
collagen solution was mixed on three slides using three different amounts of the base - 20 µl,
40 µl and 60 µl. All these should lead to polymerisation, but the idea was that the difference in
basic strength would make the polymerisation process more or less rapid leading to some
difference in the characteristics of the collagen. Hopefully these could then be detected by the
laser speckle method.
11.2 Microscopic study

The samples were allowed to dry in room temperature and as they hardened some large
distinct structures appeared. They were visible just by looking at the samples, so their size did
not match the expected collagen fibres. In Fig. 11.1 the appearing streaks can clearly be seen,
even though this microscopic image was taken with a magnification of just 50x. Collagen
fibres, which have a diameter of around 50-150 nm would need to be magnified more than
5000 times to be seen clearly in a microscope. The microscope used was a Zeiss Axiovert
100M inverted microscope equipped with a halogen lamp connected to a Hamamatsu C5985
chilled CCD camera.

Figure 11.1 Microscopic image (50x) of polymerised collagen sample
The patterns are likely an effect of the fluid’s drying process and these streaks might make the
laser speckle analysis somewhat troublesome.
11.3 Speckle contrast

When analysing laser speckle patterns from these samples, transmitted light was studied. This
was necessary as the produced collagen membrane was thin and transparent, creating virtually
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no reflected light at all. Nine speckle images were taken, three from each of the three different
microscopic slides.
Since the process is governed by the pH, the initial theory was that a higher basic mixture
would make the polymerisation more rapid and maybe result in less distinct formation. This
in terms of laser speckle contrast would mean that with a higher basic concentration, the
speckle contrast would decrease The results from the speckle experiments on the slides, see
Fig. 11.2, seem to confirm just that.
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Fig 11.2 Speckle contrast values for the three different samples of polymerised collagen
However, there might be other possible explanations to this phenomenon. Less of the basic
solution also means that there is more collagen substance in the sample, relatively speaking.
This could certainly affect contrast in this manner.
The streaks discussed earlier are clearly altering the concentration of the sample by making it
denser in some parts and less compact in others. If this affected the results is hard to say, but
since the streaks appeared on all slides it is a fair assumption that at least the conditions were
the same for all images.
11.4 Speckle size

If the polymerisation is a success, one would have cylindrical collagen fibres present altering
the size and distribution of the speckles. The constructed MatLab-script implies that the
number of speckles decreases and their size increases when using a more basic polymerisation
solution.
Fewer and bigger speckles would suggest a wavier surfaces, which is the opposite of what the
speckle contrast indicated. A more wavy surface could however be due to the fact that when
the entire sample polymerises faster, it has less time to flatten.
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12 Evaluating experiments
The three test objects were different in many ways, but this chapter focuses on the differences
relevant for the laser speckle technique and tries to make some conclusions based on these.
12.1 Similarities and differences

All objects had a surface consisting of small, long and slender structures. The metal surface
was grounded this way and resembled to some extent the polymerised and bovine collagen
fibres. However, the structures of the metal surface were all parallel, whereas the collagen
fibres were oriented in all sorts of directions.
The three objects are very different when it comes to their ability to reflect light. The metal
comparator reflects all incoming light, the bovine cartilage reflects most of it and the
polymerised collagen on the microscope glass slide reflects very little light.
It is also important to take into account that the light will spread within the cartilage, as this is
a scattering medium. Even though the majority of the photons will penetrate more or less deep
into the cartilage, the photons showing the highest coherence in the reflected light stem from
the surface. Surface roughness thereby causes most of the interference. However, the diffused
light that do make it back to the speckle screen will blur the speckle pattern to some extent,
lowering the speckle contrast.
Another important difference is that the metal comparator and the polymerised collagen are
both macroscopically flat surfaces. The bovine cartilage on the other hand has a curved form.
12.2 Speckle contrast

Since speckle patterns are caused by interference, which in turn is caused by the small
changes in depth of the surface, the phase changes of the laser light should be the same
regardless if the depths are oriented in straight, parallel lines or not. The same depths should
therefore give rise to the same speckle contrast providing all other conditions are the same.
Here the conditions are not the same as there are many more differences, besides the
orientation, that affect the intensity and its standard deviation.
The speckle contrast for the metal comparator was relatively high, ranging between 0.5-0.7, as
the completely reflected laser light produced very distinct speckles. By using transmitted light
to get a speckle pattern from the polymerised collagen, the speckle contrast ranged from 0.4 to
0.5. The lowest speckle contrast, 0.3-0.4, was received from the bovine cartilage. This is most
likely a consequence of the diffused component in the reflected light.
For each material, the speckle contrast correlated fairly well with increased roughness.
12.3 Speckle size

Both the flat and the curved objects showed differences in speckle size with changing
roughness. Based on the works of others, speckle contrast is said to be the only parameter that
correlates perfectly with changing roughness. For flat objects, speckle size should not be
affected.
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So, in the case of the metal comparator, the relationship seems almost too good to be true.
Unless the angular scattering of the laser light does in some way change the size of the
speckles, the explanation could possible be found in how MatLab handles the intensity as it
changes along with the contrast.
The speckle size, as calculated by MatLab, also shows much larger speckles for the metal
surface than for the other two objects. This could be the result of the grounded surfaces, but
more likely it is because all the light is reflected from the metal comparator giving the image a
strong intensity.
12.4 Interpreting the values

Both speckle contrast and speckle size show good potential as parameters when registering
changes in average roughness on a surface, but when trying to compare roughness between
materials, the parameter seems to tell us more about the number of photons that has reached
the screen. This intensity changes, not only because of the material, but also by the difficulty
to keep all conditions exactly the same for each test.
However, during athroscopy and many other applications, it is mostly the structural changes
on the same surface that is of keen interest, in which case the laser speckle technique performs
well. The problems of quantifying the parameters do not need to be an issue when looking for
qualitative differences.
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13 Laser Speckle during arthroscopy
The over-all goal is to develop an arthroscope with means for assessing cartilage quality. This
thesis work aimed at investigating if the laser speckle technique is suitable for cartilage
roughness measurement in such an instrument. This possibility will be discussed in this last
chapter, and some thoughts on possible future interesting research will be given.
13.1 Making the arthroscope more suited for diagnosing arthritis

To gain access to the cartilage in order to inspect it by use of laser speckle techniques, the
obvious approach is to combine the technique with arthroscopy. By this combination, one
could get information about the cartilage surface structure at nanometer level, presenting
objective data on for instance fibrillation or micro fissures. This is something doctors would
welcome [58], especially those researching on cartilage repair or studying diseases that affect
the cartilage.
Since cartilage lacks blood and lymph vessels, one gets stable speckle patterns that are easy to
work with. When using laser speckle techniques to study blood flow, cartilage is used as a
stationary target [28] meaning that all movements, causing the speckle patterns from cartilage
to blur, are considered to be motion artefacts arising from patient movements or from moving
instruments.
Today, arthroscopy is an uncommon diagnose tool for arthritis. Early detection of arthritis in
this way is not all that likely, as there will be no arthroscopic examination until the time the
patient actually feels there is something wrong with the joint and by that time, the cartilage
has most likely been slowly, but steadily degenerating for several years. However, the
arthroscopes keeps getting smaller, making the examination less invasive, and by improving
the arthroscope with more sensitive measurement methods, such as the laser speckle
technique, it would certainly become more attractive as a diagnose tool of arthritis in the
future.
13.2 Speckle information is also speckle noise

There are already people in the process of evolving arthroscopy in different ways. The OCT
technique mentioned in the chapter on clinical evaluation suffers from “ghost shadows” in the
images caused by interference. Interference will certainly also be a problem if one tried to
combine laser speckle with normal arthroscopy. With laser speckles you have high coherence
and the arthroscopic image would suffer from speckle noise, which is really difficult to
eliminate.
The speckle measurements will therefore probably have to be temporal, meaning that the user
would be able to choose exactly when the measurements should be activated. The surgeon
could guide the arthroscope in position by looking at the normal arthroscopic image and then
activate the “diagnose tool” giving the computer speckle data to work with, just temporarily
risking messing up the arthroscopic image with speckle noise.

51

13.3 Everything is relative

The biggest problem with implementation of laser speckle techniques might be that the
measurements normally just provide relative comparison and no absolute values. Difference
in speckle contrast tells us which sample is the roughest, given the same setting and when
comparing samples of the same material, but a certain speckle contrast value says not much
on its own. However, the technique is extremely sensitive and its ability to detect texture
changes at nanometer level will probably prove quite useful even though the method might
have problems presenting hard figures that can be compared over time, between patients or
between different parts of a joint.
13.4 What is actually being measured?

The sensitive laser speckle method allows no large changes in the conditions to get accurate
and unambiguous results. The experiments made on bovine articular cartilage confirmed that
conditions such as water content and angle of incidence had large impact on the results. Also
location, age and crystal deposits would probably affect the measurements.
With more information on the size of the crystal deposits, typical size of fibrillations and
knowledge of how much the surface roughness can differ naturally between different parts of
the joint or from ageing, one would be able to custom-make a laser speckle technique that had
an appropriate working range.
The working range for measurements of speckle contrast depends on the laser’s wavelength,
making the choice of laser source very important. For the He-Ne laser we have a working
range to measure rms roughness values from 13 nm to 200 nm. Noticing changes in collagen
structures of that magnitude sounds quite interesting. By choosing a longer wavelength, one
would get a working range in a higher region.
When choosing wavelength, one also has to consider that photons of a longer wavelength
penetrate deeper into the tissue. The laser used for this thesis probably shines through the 2-4
mm cartilage layer on the bovine joint, reaching the bone, but as discussed in the preceding
chapter, the light entering that far will lose all its coherence. So, most of the photons creating
the actual speckles come from the superficial regions of the cartilage.
It would be a clear advantage if a new and improved arthroscope could tell what is causing the
change in roughness and not just that it is present. The roughness would probably increase by
fibrillation, but also by loss of proteoglycans or chondrocytes or maybe it could be caused by
minute fissures or normal ageing. If you measure something you can not see, you might need
complementary information on exactly what is being measured.
13.5 Steps towards a working probe

It is obvious that there are a lot of problems to be taken care of before a practical laser speckle
arthroscopic probe can become a reality. There is no doubt that the laser speckle technique is
capable of measuring surface roughness, but constructing a probe so that the conditions
during in vivo measurements do not vary is certainly a challenge. The application has to be
custom-made for cartilage and compensate for different intensities.
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Testing on live subjects would eliminate many problems during experiments. Differences in
signal intensity due to water content would only depend on cartilage swelling and of course,
there would be no microorganisms causing decay to worry about. But it is a long way until
one would have a probe to test, so during future experiments, some form of conservation of
the cartilage would be to suggest.
There are many different ways to produce speckle patterns from a rough surface and it has to
be agreed upon which one to use. Some kind of speckle interferometer would probably work
well in a speckle probe, and hopefully one could let a very, very fine laser beam perform a
line-scanning procedure, making it possible for the computer to find “reference speckles” and
“reference intensities” to help present the best possible roughness measurements. A series of
speckle images would also help to handle motion artefacts, caused by blood flow, the surgeon
or the patient.
This thesis has not handled the possibilities of polarisation techniques. The field is certainly
interesting and possible advantages of using polarised light should be considered. One
possible application is to use a parallel polarisation filter to remove diffusely reflected
photons. This should have positive effects on the speckle image as it would mainly be formed
by photons emerging from the cartilage surface.
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Recommended reading
The easiest way to get to know laser speckles is to make them yourself. Basically you just
need a small laser and you can start experimenting. Using the experiments found in [41] is a
good start!
When you have grasped the basics from these experiments, you can either go on and study the
words of the pioneers [1] and bury yourself in math and statistics or you can read about all
kinds of nifty applications in the work edited by Rastogi [36].
Information about cartilage and arthritis can be found in most medical books, but if you are
especially interested in how it is imaged nowadays I would recommend the review article on
imaging hyaline cartilage [5].

Louise Johansson, Linköping
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Helpful dictionary
Medical words
Arthritis
Arthroscope
Articular
Chondrocytes
Collagen
Endoscope
Ex vivo
Fibrillation
Fissure
Hyaline
In vivo
Lesion
Metabolism
Osteophyte
Proteoglycans
Sclerosis
Synovia
Trauma

A disease of the joint
An endoscope used in joints
Relating to a joint
Cartilage cells
A protein, keen on making fibres and supporting connective tissues
Long, slender instrument with a camera
In an artificial environment outside the living organism
Striated (banded) pattern seen in degenerated cartilage
Fine crack or long narrow slit
Glassy material
Within the living organism
Break in a bodily organ caused by violence or a surgical incision
Cell activity necessary for life
Bone proliferation (growth)
Large molecules made from protein and carbohydrates (sugar)
Hardening of the tissue
Fluid in joint cavities
Physical damage to the body

Other unusual words
Aperture
An opening, in this report referring to the opening in a camera
Bovine
Belonging to the group of animals commonly known as ‘cattle’
Coherence
Phase stability of several waves, the same waves just separated in time
Interference
Interaction of light waves producing changes in intensity
Perpendicular Forming a 90˚ angle
Polymerise
Process of combining molecules
Resolution
Basically the amount of small detail visible in an image
Scatter
To spread out, in all sorts of directions
Shutter
Device on camera, opening and closing to control the time of exposure
Topography
Configuration of a surface, surface features
Abbreviations
ACI
Autologous Chondrocyte Implantation
AFM
Atomic Force Microscope
CCD
Charge Coupled Device
IMT
Institutionen för Medicinsk Teknik
LASCA
LAser Speckle Contrast Analysis
LASER
Light Amplification by Stimulated Emission of Radiation
LDI
Laser Doppler Imaging
LSI
Laser Speckle Imaging
LSPI
Laser Speckle Perfusion Imaging
MRI
Magnetic Resonance Imaging
OCT
Optical Coherence Tomography
rms
Root Mean Square
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