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Abstract

Today it is impossible to imagine industry and science without lasers.
It has found various medical uses, such as treating retinal diseases. A
new way to use the laser in research is to use it as a microtome to cut
organic tissue, particularly bone, which are difficult to examine from
the inside using currently available methods. In this bachelor’s thesis,
certain parameters for the optimal cutting of materials were exam-
ined. Mouse bones and glass slides were used as cutting materials. By
finding the optimal parameters for cutting, one can quickly use them
for one’s own research and, with the help of motorized stages, set up
a precise sample positioning station that allows the user to produce
desired cuts.

Sammanfattning

Dagens industri och forskning hade inte varit densamma utan lasrar.
Laser har många tillämpningar inom flera medicinska användning-
sområden, som exempelvis behandling av sjukdomar relaterade till
näthinnan. Ett nytt sätt att använda laser är att ersätta mikrotomer
för att skära i organiska material, mer specifikt ben, vilket är väldigt
svårt att studera från insidan med dagens tillgängliga metoder. I
denna kandidatuppsats kommer särskilda parametrar för att skära i
material att undersökas. Ben från möss och skivor av glas var ma-
terialen som användes för experimenten. Genom att finna de mest
optimala parametrarna för att skära så kan dessa lätt appliceras på
andra forskningsfält. Med hjälp av servomotorer, kan prov placeras
exakt på den plats man vill i rummet, vilket medför att användaren
kan genomföra de eftersökta skärningarna.



CONTENTS

Contents
1 Introduction 1

2 Theoretical Background 2
2.1 What is a laser? . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2.1.1 Electromagnetic Spectrum . . . . . . . . . . . . . . . . 2
2.1.2 Two Photon Absorption . . . . . . . . . . . . . . . . . 2
2.1.3 Excitation of matter . . . . . . . . . . . . . . . . . . . 4
2.1.4 How is a laser built? . . . . . . . . . . . . . . . . . . . 4
2.1.5 Pulsed lasers . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Application in Medicine . . . . . . . . . . . . . . . . . . . . . 7

3 Method 9
3.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . 9

3.1.1 Brushed DC servo motors . . . . . . . . . . . . . . . . 10
3.2 Parameters of interest . . . . . . . . . . . . . . . . . . . . . . 13
3.3 Automation of motors . . . . . . . . . . . . . . . . . . . . . . 13

4 Results 15
4.1 Confirmation of the focal spot . . . . . . . . . . . . . . . . . . 15
4.2 Parameter dependence for cutting . . . . . . . . . . . . . . . . 19

4.2.1 Motor velocity . . . . . . . . . . . . . . . . . . . . . . . 19
4.2.2 Power output . . . . . . . . . . . . . . . . . . . . . . . 22

4.3 Automation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5 Discussion 26
5.1 Conclusion & Outlook . . . . . . . . . . . . . . . . . . . . . . 28

6 Acknowledgement 29

References 30

A Parameter dependence I

B Code II



1 INTRODUCTION

1 Introduction
A laser is a device that emits electromagnetic radiation with certain proper-
ties such as power, wavelength, frequency and, in the case of pulsed lasers,
repetition rate. Pulse lasers are particularly intriguing because they work
differently as compared with continuous lasers (e.g. laser pointers available
in toy stores). They can, for example, achieve much higher power peaks and
minimize heat-related problems such as deformation of the target material
[1, 2, 3].

Today laser have found application in various ways where one of the most
important one is in medicine. In 1961 it was first introduced as a method
to treat retinal diseases [4, 5, 6], and since then it has been applied in, for
instance ophthalmology, gynaecology, dermatology and otorhinolaryngology
[7, 8].

Leukemia is a blood cancer characterized by the rapid growth of abnormal
white blood cells that are produced in the bone marrow. It is one of the body
parts that today we are unable to study in detail. Ideally one would want to
cut the bone, preserve it and investigate its the cross section. While the bone
marrow is soft, the outermost region is hard as concrete [9] and one need to
soften it using a chemical bath. Unfortunately, this method causes changes
in the structure of the bone effectively prohibiting scientist from studying it.

A solution to this problem could be a laser microtome [10], in which a fem-
tosecond (FS) laser emits pulsed radiation in the infrared range to vapor-
ize parts of biological tissue quickly and precisely without causing large de-
fects. For the purpose of exploring a new and innovative method aimed at
improving the understanding of bone marrow function in health and dis-
ease, researchers from the Laser Spectroscopy Group at the University of
Gothenburg have initiated a collaboration with researchers at the Depart-
ment of Biomedical and Clinical Sciences at Linköping University and at the
Sahlgrenska University Hospital.

The purpose of this project is to study precise positioning of the sample
using a motorized translation stage. We will examine which factors affect
sectioning of the sample and describe in what circumstances sectioning can
be performed in the most optimal way. The second part of our project will
be to study possibilities of automating the cutting process using Python
programming language and the Kinesis control software.
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2 THEORETICAL BACKGROUND

2 Theoretical Background

2.1 What is a laser?
2.1.1 Electromagnetic Spectrum

Energy can be transferred in various ways, one of which is radiation. This
mechanism builds on energy that travels through space in form of waves. This
is what we called an electromagnetic (EM) radiation. They have a charac-
teristic property called a wavelength. Encyclopedia Britannica describes it
in a following way: a wavelength is a "distance between corresponding points
[...] Usually [...] measured from crest to crest or from trough to trough [...]"
[11].

An alternative description of an electromagnetic radiation is that it consists
of photons that carries energy packages. The energy in these packages are
inverse proportional to the wavelength according to

E = hc/λ,

where h is Plancks constant, c is speed of light in vacuum and λ is the
wavelength. All possible values of the wavelength together creates so called
electromagnetic spectrum. It is a spectrum that categorise the EM radiation,
some can have large wavelength such as radio waves (λ > 1 m), while others
can have very short wavelength such as gamma rays (λ < 10 pm) or x-rays
(λ < 10 nm). The most familiar one for most of us is the visible light that
covers the spectrum for wavelength between approximately 400 and 700 nm
[12, 13].

When electromagnetic radiation hits a surface, several things happen. With
transparent material, some of the radiation is transmitted while some is
reflected. With non-transparent material, absorption can be achieved instead
of transmission [14]. An example of this process will be given in section 2.2
Application in Medicine.

2.1.2 Two Photon Absorption

In an intense field of laser light, it is possible that an atom could absorb
more than one photon. If two photons are absorbed by an atom an energy
discrepancy, called ∆E, where the two different energy levels are exactly
twice the energy of the photon energy itself, ∆E = 2hν = 2ℏω, where h is
Planck’s constant, ν frequency, ℏ is the reduced Planck’s constant and ω is
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2 THEORETICAL BACKGROUND

the angular velocity. There are also situations where an atom can absorb two
photons simultaneously two with different frequencies, ν1 and ν2, resulting in
a different version of the previous equation: ∆E = ℏω1 + ℏω2. Imagine now
that a highly intensive laser light passes through a gas, which is made up of
atoms. If we choose an atom moving in the axial direction with a certain
velocity v, the two different photons from the atom’s reference system, will
move in two different directions. The first photon will have ω1 = ω(1 + v/c)
and the other will be moving in the opposite direction of the first photon
according to ω2 = ω(1 − v/c) [15]. Resulting in

∆E = ℏω1 + ℏω2 = ω(1 + v/c) + ω(1 − v/c) = 2ℏω. (1)

In this case the absorption becomes independent of the velocity. If this is the
case, then it is called Doppler free spectroscopy.

Figure 1: This image, which is borrowed from Edinburgh Instrument [16],
depicts the difference between one photon excitation versus two photon exci-
tation. This is used in microscopy, where two infrared photons are absorbed
at the same instance, resulting in different patterns as seen in the image of
Figure 1. Two photon absorption (TPA) is a nonlinear process, where the
absorption probability scales with intensity. This results in that the fluo-
rescence becomes limited to a smaller focal volume than in the case of one
photon fluorescence microscopy. Because of the focal point is only spot in the
entire volume where there are enough photons for two photons absorption to
form [16].
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2.1.3 Excitation of matter

A natural question would be: Can we create photons? And the answer is
yes. To understand this, we have to go back to 1913, when Niels Bohr and
Ernest Rutherford defined what we now call a “Bohr model”, in which the
atomic nucleus is surrounded by electrons moving in well-defined orbits.
The electrons can be excited by absorbing energy and if they receive just
enough energy they move to upper (outer) orbits. Excited electrons are
unstable and just like any other body in our universe it does not want to
stay like that for a very long time. Because of that, electron will need to lose
the energy and it can achieve that by emitting a photon with a well defined
energy, in a process called spontaneous emission.

(a) Excitation of electron (b) Deexcitation of electron

Figure 2: Two dimensional representation of an excited electron. As the
electron absorbs a certain energy it moves to an excited orbit (a). After
some time it loses the energy by emitting a photon with the same amount of
energy and goes back to its original state (b) [17].

2.1.4 How is a laser built?

Laser is an acronym that stands for Light Amplification by Stimulated Emis-
sion of Radiation. Stimulated emission is another form of photon emission.
In this process, we first excite the electron so that it moves to a higher energy
level. We repeat this process again, but this time, instead of going to an even
higher energy level, the electron goes down and emits two coherent photons
with the same energy [18, 19].
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Another important process for the laser to work is population inversion. Sim-
ply put, it is a state of the system in which higher levels of excitation are
more populated than lower levels of excitation (See Figure 3). For example,
assume that you have a three-stage system consisting of the ground state, the
first excited state, and the second excited state. An electron is excited and
moves from the ground state to the second excited state. It then deexcites
to the first excited state and then to the ground state. However, the time it
takes to deexcite from the second to the first excited state is much shorter
than the time it takes to deexcite from the first excited state to the ground
state. This consequently leads to the accumulation of electrons in the first
excited state [20, 21, 22].

Figure 3: Illustrative presentation on how population inversion is generated
[22].

The laser was first built in 1960 by Theodore Maiman at Bell labs. Although
today lasers comes with various designs, all of them use the same fundamental
process of exciting atoms in some way and then let them emit electromagnetic
radiation in form of photons by stimulated emission. A laser uses a sample,
also called gain medium, for example gas particles (He-Ne Laser) or a crystals
(Red Ruby Laser) that later become excited using for example an electric
current. The excited medium as discussed earlier is unstable and will deexcite

5



2 THEORETICAL BACKGROUND

by emitting a photon. Inside the laser, two perpendicular mirrors traps the
photon making it bounce back and forth. As the time goes by the number of
photons increases and at a certain point, their number is large enough that
they pass through one of the mirrors, so called a "half-silvered" mirror that
on purpose allows some radiation to escape [23].

2.1.5 Pulsed lasers

Most of us know lasers in a form of a toy that emits light after a button is
pressed. In industry or science lasers can be very powerful and are used in
different applications. Continuous lasers (in other words lasers that emit EM
radiation continuously) are commonly used in laser cutting, motion sensors
or treatment of telangiectasias [24], where a stable and consistent output
is required to melt surfaces [2]. Pulsed lasers on the other hand emit EM
radiation in form of repetitive, short pulses with repetition rate that can
range even as high up as several GHz [25] that provide precise and controlled
method of evaporation of materials.

The first pulsed laser ever constructed was a ruby laser back in 1960s by
Theodore Maiman which used synthetic ruby crystal as gain medium and
excited it using light. Ruby laser back then achieved a pulse length in range
of millisecond.

There are several methods that can be used to generate even shorter pulses,
among others the most common ones are Q-switching, Mode Locking or Gain
Switching.

In 1962 Robert Hellwarth and Fred J. McClung generate a 100x stronger
power peak than it was previously possible using a ruby laser. They call it
Q-Switching, the principle of this method is that we first keep the laser from
emitting the light so that all energy is being stored inside the gain medium.
Then, we suddenly allow the energy to be released in one quick burst of en-
ergy [26]. This method is typically used in nanosecond pulsed lasers.

If we want to reduce the pulse length to a picosecond range, lasers commonly
use gain switching. In this method we excite the medium using electricity
(electrons) to the point below lasing threshold. As soon as the density of elec-
trons surpasses this level it emits all of them in a strong burst and eventually
the density drops below lasing threshold again. If the injection of carriers
into the active region has not stopped, the carrier density can continue to
rise once again and the process will repeat itself [27].
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In our studies we will use a femtosecond laser. To achieve such short pulses
one have to use mode locking. Laser light is not monochromatic [28], instead
the laser emits a range (bandwidth) of wavelengths that oscillates indepen-
dently of each other. If we allow these wavelengths to interfere with each
other, we expect, and often will see, periodic noise. With mode locking the
individual phases of all wavelengths are locked to one another with a fixed
offset. If mode locking is used correctly, this mainly results in destructive
interference and occasionally intense pulses of light [29, 30] in the MHz fre-
quency range.

2.2 Application in Medicine
A year after laser was first introduced it already have found an application
in medicine where Dr. Leon Goldman successfully used ruby laser to destroy
retinal tumor [4, 6]. Since then, lasers have also been developed in other fields
of medicine [31], with non-invasive method of clotting, cutting or vaporizing
tissues [32]. It can be said that the laser can be used as a very precise and
accurate medical knife.

As mentioned earlier, different materials can absorb and reflect different
wavelengths. The absorption of radiation in organic tissues is relatively easy
to describe because penetration increases as we approach the infrared part
of the spectrum. As we move towards ultraviolet, penetration decreases [33].
This is presented in Figure 4.
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Figure 4: Visualisation on how different wavelengths penetrate skin [34].
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3 Method

3.1 Experimental setup
The purpose of the experimental setup is to direct a laser, in this case a
femtosecond laser (FS), onto a sample through an optical path. The sample
is controlled with ThorLabs [35] motors and drives three translation stages
[36].

Figure 5: Overview of the optical schematics. In the later stages of the
project, the iris was exchanged for a pinhole.

The femtosecond laser (1) emits a beam. The beam is then directed along a
specific optical path using a set of 45° mirrors (2). After the second mirror,
the beam enters a crystal polarizer (3), allowing the user to alter the output
power. Following this step, the optical path rotates 90° counterclockwise and
enters a vertical 45° mirror (4), allowing the beam to be raised. After raising
the beam, it reaches a beam splitter (6), where one part of the beam goes
into a beam blocker (5) and the other part continues to the lens (7). This
lens focuses the light towards the sample (8). When the beam hits the sam-
ple, there will be reflected, collimated light moving in the opposite direction
of the main beam. This reflected beam hits the beam splitter (6) again, and
is rotated 90° clockwise. Then the collimated beam is being focused by the
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lens (7.2), focusing the beam towards an iris (9) and lastly into a detector
(10). Both lenses are convex lenses, with respective focal lengths of 100 mm
and 75 mm. The three dimensional translation stages (11) are used to move
the sample holder.

The reason why we are using back scattered light is because it can help us
understand and model at what distance from the lens we expect to be high
enough intensity to achieve the best cutting performance.

It is usually taught that a focal point, just as the name indicates, a point. In
reality, we expect to see the beam getting thinner and thinner until it reaches
the focal distance of the lens, in which case the beam becomes focused. As
we pass this point the profile becomes thicker and thicker, just as presented
in figure 6.

Figure 6: Profile of the focal waist.

With our setup in figure 5, consider the scattered rays entering the focusing
lens. As it passes through, a real image is created, which is then focused
by another focusing lens into the iris and gets captured by the detector.
Adjusting the distance between the sample and the lens will cause the image
to come out of focus or into perfect focus, resulting in different readings
from the detector. By manually studying the focal point we will try to find
the optimal distance from the lens and examine where the intensity is high
enough to incise the material. This is useful for determining how changes in
other parameters affect cutting performance.

3.1.1 Brushed DC servo motors

The motors used in the experimental setup are a set of three KDC101 K-
Cube brushed servo motor controllers [35]. They are designed to provide easy
manual and automatic control of DC Servo motors. It is either controlled
using Kinesis, which is a software provided by ThorLabs, or in our case with
pylablib in Python.
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Brushed motors are driven by electricity and contain permanent magnets
inside its outer body, as well as an armature called rotor on the inside that
rotates. The following image in Figure 7 depicts the general structure of a
DC brushed servo motor [37].

Figure 7: The general components for which a DC servo motor consist of.
Picture borrowed from Oriental motor, Engineering Notes: Technical Manual
Series: Brushed DC Motor Structure and Principles.

The DC (brushed) motors consist of the following components: a stator, ro-
tor, magnet, winding, commutator and brushes. The permanent magnets
are located inside of the stator and in the middle there is a rotor containing
several windings which has both ends connected to the commutator. Elec-
trical current from a external power source flows through the windings by
the commutator, which in turn is directly connected to the brushes. So the
principle of how the motor is driven is that rotation of the rotor switches
the commutators different segments which are coming into contact with the
brushes.

A summary of the information above is that the functionality of a brushed DC
motor is as follows: an electrical current flows through the different brushes
and the commutator into the coil, which is placed within a magnetic field.
Recalling Fleming’s left hand rule (F Force - B Magnetic field - I Current)
[37] describes why the DC-motor is working using physics.

11
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Figure 8: Fleming’s left hand rule: the electromagnetic force, magnetic field
and the electrical current are orthogonal to one another. This picture repre-
sents how the coil in Figure 9 rotates. Picture borrowed from Oriental motor,
Engineering Notes: Technical Manual Series: Brushed DC Motor Structure
and Principles.

The electromagnetic force allows for an upward facing force in the north pole
side of the magnet and a downward force by the south pole of the magnet,
causing the coil inside of the simplified model of a DC-brushed servo motor
in Figure 9 to rotate clockwise. This in turn gives an electrical current, which
in turn is used to drive the translation stages in figure 5 at a certain speed
and acceleration.
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Figure 9: Simplified model over a brushed DC motor. Picture borrowed from
Oriental motor, Engineering Notes: Technical Manual Series: Brushed DC
Motor Structure and Principles.

3.2 Parameters of interest
The detector was connected to an oscilloscope, allowing the study of wave-
forms as electronic signals created by the reflected beam of the femtosecond
laser. This also provided the opportunity to study other parameters, such
as the speed of the motor in x-direction, power output, and the optimal dis-
tance between the sample and the lens. Readings from the oscilloscope were
in terms of voltseconds (Vs) as a function of time.

3.3 Automation of motors
Thorlabs has created a software, Kinesis. Which allows the user to control
the motors. Parameters that can be altered are: velocity, jog steps, accel-
eration etc. Kinesis also provides a script maker, allowing the user to make

13
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controlled sequences of motion. In this project, the use of pylablib-library in
Python was used to make a sequence of controls for the translation stages [38].

The script itself is simple and hard-coded, meaning that the functionality
is based on a fixed set of parameters. When the script is executed, the sam-
ple holder in Figure 5 moves into position in order to for the laser to be
lined up with the sample. The sample holder then experiences a back and
forth motion in x-direction, creating a cut in our sample. Following this, the
sample holder moves down a certain distance in the negative z-direction, to
avoid cutting twice on the same line. When the desired cuts are made, the
stage returns back to the point of origin (x,y,z = 0,0,0). (See Appendix B).

14
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4 Results
Our goal was to study how different parameters affect cutting quality and
how we can automate it. This section consist therefore of 3 subchapters:
Confirmation of the focal spot, where we discuss how we developed a method
of experimentally finding if the sample is in or outside the focal spot area.
Parameter dependence for cutting, where we discuss how stage velocity and
power output affect the surface of the material by using mice bone and glass
as our samples. Lastly, automation, where we discuss the possibilities of
automating the process of translating the sample in space.

4.1 Confirmation of the focal spot
In order to perform an efficient cut, a profile of the laser intensity has been
created. This is important because different cutting methods may require
different intensities or different profiles. Developing a method that could
quickly allow to find the beam profile is crucial for future studies.

In our case we will be cutting in the most intensive part of the profile which
is where the beam waist is thinnest. When the laser is focused on a point on
a sample, a reflected and collimated beam of scattered light will occur and
be captured by the detector, which is described in Figure 5. We measured
the laser intensity as area, in the units of volt-seconds (Vs) as a function of
distance (mm). The denoted ”Distance” in Figure 11 is the distance showed
on the Kinesis software, which controls the translation stages in Figure 5.

Figure 10: Depiction of how the first graph in Figure 11 was produced.
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Figure 11: The measured distance in mm (x-axis) is in the negative y-
direction seen from the perspective of Figure 5. The distance in y is measured
from the stage’s point of origin to the stage’s current position. The step size
for the x-axis is ∆x = 0.6 mm.

In Figure 11 we can clearly see that our data points are following a pattern.
Between x = 9 mm and x = 18 mm, we can clearly see that the area values
are not fluctuating much, meaning that the detector can not differentiate the
area values that well in this region. We knew that a Gaussian profile was
to be expected. We suspected that in this region the detector was getting
saturated, so we exchanged the iris with a pinhole with a diameter of 20
µm in Figure 5. This did decrease the value of our area readings but at the
same time enabled the detector to differentiate between these previously not
differentiable data points. For the next graph, the x-axis was also changed
for the actual distance between the focusing lens and the sample in Figure 5.
This measurement of the actual distance between the lens and the sample is
depicted in Figure 12.
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Figure 12: For the following graph, Figure 13, the ”Distance [mm]” (x-axis)
was measured as the actual distance between the lens and the sample. The
measuring series contain values from x ∈ [92,100] mm, in total 41 values with
an increment of 0.4 mm for each data point.

Figure 13: A Gaussian fit of the area as a function of distance from the sample
to the lens. Each datapoint is an average of 5 values. The background noise
is removed by subtracting the constant d1 from all the area values (y-values)
of the Gaussian curve.
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For graph in Figure 13, 41 points in total were measured. For each data
point in Figure 13, we determined an average of 5 values for the specific
”Distance [mm]” (x-axis). Meaning, for each specific value on the y-axis, 5
measurements were taken and of these 5 values an average was calculated
and plotted as the actual y-value. In Figure 13, it is observable that we have
a very pronounced peak and a Gaussian profile which nicely follows our data
points. What we can obtain from this graph, is at what distance from the
lens in Figure 5 the sample needs to be in order for the sample to be at
the most intensive part of the focal spot. We can also obtain the full width
at half maximum (FWHM), which in our case denotes the useful region of
x-values when we want to make a cut.

The Gaussian fitting seen in Figure 13 was obtained using MATLAB. MAT-
LAB described the curve with the following equation:

f(x) = a1 exp(−((x − b1)/c1)2) + d1 (2)

where x is the dependent variable and is describing the distance from the
lens to the sample, {a1, b1, c1, d1} ∈ R. The constants represent: a1 is the
amplitude of the curve, b1 is the value which the curve is centered at in x-
direction and c1 is related to the full width at half maximum value. These
constants have the following values

a1 = 5.32
b1 = 99.9
c1 = 1.53
d1 = 0.75.

Vs(x) = a1 exp(−((x − b1)/c1)2) + d1, (3)

here Vs (volt-second) is the area and x is the dependent variable, which is
the distance between the focusing lens to the sample measured in meters. In
order to obtain the maximum value for the Gaussian curve in equation 3, the
derivative of this equation must equal to zero, i.e.

d

dx

(
a1 exp(−((x − b1)/c1)2) + d1

)
= −2a1(x − b1) exp(−((x − b1)/c1)2

c2
1

= 0.

(4)

18



4 RESULTS

Equation 4 is equal to zero when

−2a1(x − b1)
c2

1
= 0, (5)

which is when x = b ≈ 99.9 mm. According to these values, the focal waist is
most intensive at 99.9 mm from the lens. This distance can be visualized in
Figure 5, where 99.9 mm is the distance between the lens (7) and the middle
of the sample holder (8) in Figure 5.

In order to fit the Gaussian curve to our values, a mean was taken of all
the values that are considered as background noise, i.e when no reflected
light is hitting the detector. We added these y-values and divided by the
total number of points which are considered background noise. Then this
value, d1 = 0.75(83) was subtracted to all y-values when plotting the Gaus-
sian curve in Figure 13, resulting in a more true Gaussian profile, according
to our values.

If we calculate the full width at half maximum (FWHM) from equation
3, 1

2V s(b) = a+d
2 ≈ 3.041. The function y = a+d

2 intersects the Gaussian
fit in Figure 13 at the two following points: (x,Vs) = (98.49,3.041) and
(x,Vs) = (101.31,3.041). The FWHM is given by subtracting the difference
between the two area-values Vs(101.31) − Vs(98.49) ≈ 2.82 mm. This is
the region where the cutting capabilities of the setup is as most efficient, in
terms of being at the center of the focal waist. This can also be written as
x = 99.9 ± 1.41 mm.

4.2 Parameter dependence for cutting
We considered some parameters that can affect cutting performance. Here
we have studied motor velocity and laser power output. More parameters can
be studied, unfortunately due to malfunctioning equipment we were unable
to study them.

4.2.1 Motor velocity

In order to study how the motor velocity impacts our cutting capabilities, we
made horizontal cuts in bones and microscope slides by moving the sample
holder (8) with the translation stages (11) in Figure 5.
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(a) View of the bone sample from the top (b) View of the bone sample from the side

Figure 14: Effect of different translation speeds on the bone sample. The
speed used in this measurement was between 1.0 mm/s (leftmost cut) and
2.0 mm/s (rightmost cut).

In Figure 14 are two different perspectives of the same bone. The image to
the left is from the cutting direction as the laser would have hit the bone
(perpendicular) and the other image is the same bone, but rotated 90° from
the previous perspective in Figure 14b. The specific power output of the
laser for this sample is unknown. We noticed that the sample is not burnt or
damaged where the cuts were made. However, even at 20x magnification not
much detail is seen. Better magnification was required, so we determined to
look at our samples with an electron microscope [39].

20
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(a) View of the bone sample from the top (b) Closer view of the bone for the velocities
1.6 mm/s, 1.4 mm/s respectively 1.2 mm/s

from left to right.

Figure 15: Bone sample from Figure 14 seen under an electron microscope
(a). An enlarged image was taken (b) to see the structure of the bone in
more detail after cutting.

In Figure 15, the first image (a) is magnified 84 times with a visible scale of
2.0 mm and the second image (b) is magnified 272 times. In image (b) it is
possible to see that the cuts almost look V-shaped. This might be because of
the two photon absorption effect mentioned in section 2.1.2 and was further
explained in Figure 1.

As seen in both images in Figure 15, with reduced speed the laser pulses
can strike the same specific spot multiple times causing more damage to the
material. To confirm this, the piece of glass that has been used to create the
second graph in Figure 21, was placed under a microscope. Figure 16 was
obtained by doing horizontal cuts on the glass surface. The motivation for
this particular sample was its shape which allowed us to precisely study the
material surface from the side.
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Figure 16: The two blue lines represent the entire distance that was cut.
From the bottom blue line, the velocity was 0.1 mm/s and at the top 2.4
mm/s (maximum velocity). Each cut made was an increase in velocity by
0.1 mm/s.

The image in Figure 16 was magnified 23 times with the help of a microscope.
The glass slide is 1 mm thick, which can be seen in Figure 16. According to
Figure 21 in Appendix A there should be no correlation between the amount
of back scattered light (volt-seconds, Vs) and the motor velocity, but Figure
16 shows that the slower the speed of the motor, the more material will be
removed. In Figure 16, it is noticeable that after v = 1.0 mm/s the glass does
not get removed, like it was when the velocity was slower than 1.0 mm/s.

4.2.2 Power output

After measurements for the dependence of motor velocity, we decided to
study how different power outputs affect the sample. How the images in
Figure 17 were obtained, is the same method we used earlier: we moved
the sample holder horizontally, which created horizontal cuts in our sample.
In Figure 17, we used a microscope slide due to a flat surface which could
minimize any abbreviation from the focal point that could ultimately cause
changes in the laser intensity on the surface.

22



4 RESULTS

(a) Cuts made with most laser intensity. (b) Cuts made with medium laser intensity.

Figure 17: Image of a microscope slide under a microscope with varying
power output. The power has been increased with unevenly distributed in-
tervals. The leftmost cut has been done with highest intensity 460 mW and
the right most cut with 345 mW in image (a). The left image (a) is enlarged
77x and the right image (b) 100x.

A measurement where the power output of the laser was altered was con-
ducted. In Figure 17 two different sections of the glass, one with the highest
power output in Figure 17a and one with the medium laser intensity in Fig-
ure 17b. Two key things to notice here are that the width of the cut increases
with power output and the second is that higher power output results in the
forming of more cavities, which are gray looking lines 17 that upon closer
view look like holes or pores. These cavities are unwanted, since the optimal
cuts need to be as flat as possible without destroying the sample. This is
especially important in the case when cutting bones, when the cross section
needs to be as smooth as possible, in order to allow more precise studies of
the bone’s properties in regards to how leukemia forms.

This is even more visible in Figure 18. We decided to take a closer look
on how these cavities that formed during the cut. We chose these two lines,
which are line number 3 and 4 from the left in Figure 17a.
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Figure 18: Closer look on two of the cuts (432 mW to the left and 395 mW to
the right). It can be seen that the surface is uneven and small pores, cavities,
has been formed.

One key thing to observe in Figure 18 is that higher power output seems to
result in less cavities formed, and in Figure 18 there is a difference in power
output of 37 mW. Meaning, that if we took more measurements of different
power outputs, we would find the best power output to have, in order to
minimize the number of cavities formed.

4.3 Automation
Automation of the stage translation can be done in two different ways, one is
to use a dedicated software from Thorlabs called Kinesis which allows user to
create simple motion sequences by creating .sequence files that the soft-
ware can read. In our testing, we have found that the software can be used,
among other things, for tasks such as controlling one or more motors allow-
ing a linear movement of one or several translational stages, short-distance
non-linear motion and automation of repetitive motions such as going back
and forth or creating simple shapes like a square. For more complex shapes
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or tasks, it is recommended to use a Python library, PyLabLib, as it offers
more freedom of controlling the motors. See Appendix B for sample code.
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5 Discussion
With our first experiment, we could confirm a method to determine the po-
sition of our sample relative to the focal length of the used lens. This was
achieved by using the backscattered light from the sample, focused into a
photodiode through a pinhole. A succesful demonstration was made by de-
termining the focal length of the lens to be 99.9 mm, which is in perfect
agreement with the given focal length of 100 mm by the supplier. Consid-
ering that this specific measurement was done with the pinhole, we would
consider this to be a good approximation of where the center of the focal
waist is located in y-direction. Swapping the iris with a pinhole was the key
in order to limit the amount of light reaching the detector, as otherwise the
detector was getting saturated, allowing only an almost constant line of area
values.

As for the parameters we have considered; If we reduce the speed (at constant
power and distance from the lens) we can clearly see that more material is
being removed. We also mentioned that we observed a V-shaped hole in the
bone sample instead of one that looks like a Gaussian curve. This could
be an indication of multi-photon absorption, described in Figure 1. This is
demonstrated in Figure 19, where a sample of Gaussian curves to the power
of n is displayed. There, it is clearly visible that the FWHM and therefore
the beam waist reduces with increasing n, which would lead to a more V-
shaped cut as observed in our measurements.

Figure 19: A plot of equation Vs(x)n, n ∈ {1,2,4,16,256}, where now a1 = 1
and d1 = 0, in order to not change the amplitude of the Gaussian profile. As
n increases, the curve becomes more V-shaped, which starts to resemble the
V-shaped cut in Figure 15b.

We have conducted similar measurement using a microscope slide in the
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hope that the flat surface would be easier to examine. Unfortunately, we
were unable to distinguish between the patterns on the surface caused by the
laser. But using a regular microscope, we were able to examine some lines
created by cutting on a piece of glass, which can be seen in Figure 20.

Figure 20: Horizontal cuts on a glass slide. As seen in the picture, the
cuts are not straight. This is because the threaded rod, which allows the
translational stage to move, is not fixed in both ends. Hence, the moving
translation stage is wobbling, creating lines that we refer to as ”noodles”.

We investigated if the readings from the oscilloscope were dependent of the
sample translation speed. We carried out two other measurements where we
have been alternating power output. The power output used in these mea-
surements was 150 mW and 250 mW. In both cases we have not been able
to observe any dependence (See Appendix A).

Regarding the power output, we decided to switch the sample from mouse
bone to a microscope slide. We did this to minimize any changes in effective
intensity due to cutting depth. Looking at the images taken with an electron
microscope in Figure 17, we can clearly see that the outer surface wobbles.
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This is due to the unstable translation stages and is actually one of the things
that needs to be changed in the current setup.

We suspected that as power increased, the surface cut would ultimately be-
come more disrupted, resulting in deeper and uneven cavities. However, this
was not the case and at even higher magnification it was observed that at 432
mW a smoother surface was produced than at 395 mW. This is a potential
indication that higher power might result in better cutting performance, but
it requires further studies.

5.1 Conclusion & Outlook
The aim of this project was to determine how to effectively cut a bone sample
by finding the optimal combination of parameters that directly affect cutting
performance, such as speed of sample translation or the power output of
the laser. Although it was not possible to investigate all parameters to full
extent, a variation of speed and laser power was tested indicating a variety
of possible settings for optimal bone cutting. For example fast translation
speed and high power output. We strongly believe that our results will al-
low students and researchers who will work on this or similar projects in the
future to set up their project more easily.

For future work, a couple of improvements should be made to the laboratory
setup. The most important one being the translation stages, which should
be replaced to more stable stages in order to reduce the "wobbling". Further-
more, other parameters should be explored, such as the step size. Since part
of the project ultimately deals with fresh bones that should be kept from
dehydration, it would be useful to develop a method of cutting where the
sample is being kept in a liquid medium. Finally, it would be beneficial to
further automate the setup and investigate different focal shapes, such as the
wide-flat beam type that we discussed.
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A PARAMETER DEPENDENCE

A Parameter dependence

Figure 21: The two graphs in Figure 21 depicts area (y-axis) as a function of
velocity (x-axis). The change in amplitude, which results in a larger area, is
not alterating. Meaning that amount of scattered light hitting the detector
is not correlated with the motor velocity.
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B CODE

B Code
Take notice: this code works, but is coded for the first setup that we have
changed because the entire translation stage was moved. The general idea
is here, but certain parameters need to be changed for the stage to not hit
anything during its execution.
##### Testcode f o r KINESIS #####
import numpy as np
# Import the dev i c e l i b r a r i e s
from py l ab l i b . d ev i c e s import Thorlabs
# Connect to the d e v i c e s
with Thorlabs . KinesisMotor ( " 27504162 " ) as stageX :

with Thorlabs . Kines isMotor ( " 27503917 " ) as stageY :
with Thorlabs . KinesisMotor ( " 27252385 " ) as stageZ :

# Define a u n i t l e n g t h [ un i t s /mm] :
Unit_length = (100/0 .0029)
# Move the s t a g e to a l i g n sample wi th l a s e r
stageX . move_by( Unit_length ∗ ( 1 5 . 5 ) )
stageY . move_by( Unit_length ∗ (19 ) )
stageZ . move_by( Unit_length ∗ (13 ) )
stageX . wait_move ( )
stageY . wait_move ( )
stageZ . wait_move ( )
# S t a r t i n g the c u t t i n g sequence
for i in range ( 5 ) :

for j in range ( 5 ) :
stageX . move_by(−Unit_length ∗ ( 2 . 5 ) )
stageX . wait_move ( )
stageX . move_by( Unit_length ∗ ( 2 . 5 ) )
stageX . wait_move ( )

stageZ . move_by( Unit_length ∗ ( 0 . 3 ) )
stageZ . wait_move ( )

# Stage i s now re turn ing home
stageX . move_by(−Unit_length ∗ ( 1 5 . 5 ) )
stageY . move_by(−Unit_length ∗(19 ) )
stageZ . move_by(−Unit_length ∗(13)− Unit_length ∗ ( 0 . 3 ) ∗ ( i +1))
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