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Abstract

This thesis presents a light sheet uorescence microscope that can capture high-quality
images for three-dimensional visualizations using a user-friendly Python program. The
microscope is based on the open-source project descSPIM. The program can be used
to calibrate and decide measurement settings to accurately acquire z-stacks of a
sample. From the z-stacks, three-dimensional reconstruction can be performed to
observe three-dimensional structures in detail. The project successfully compensated for
refraction in z-stack acquisition while discussing topics such as improving image quality,
increasing versatility, and broadening access to light sheet uorescence microscopes.
This thesis shows the advantages of light sheet uorescence microscopes in relation to
observed issues in the setup and can serve as a foundation for further improvements of
the microscope.

Keywords: Light sheet uorescence microscopy, Microscopy, Optical systems,
Refraction






Sammanfattning

Det har examensarbetet presenterar ett light-sheet mikroskop som kan ta bilder med
hog kvalitet som kan anvandas for tredimensionella visualiseringar genom att anvanda
ett anvandarvanligt Python program. Mikroskopet ar baserat pa open-source projektet
descSPIM. Programmet kan anvandas for att kalibrera och bestamma matinstallningar for
att erhalla z-stacks av det som ska observeras. Fran z-stacksen kan 3D-rekonstruktioner
skapas. Dessa kan anvandas for att observera tredimensionella strukturer i detalj.
Projektet lyckades med att kompensera for brytningsindex i erhallandet av z-stacks. |
och med detta sa diskuterades aven hur bildkvaliteten kan forbattras, hur tekniken kan
appliceras pa er uppsattningar och hur man kan oka tillgangen till light-sheet mikroskop.
Examensarbetet belyser fordelarna med light-sheet mikroskop men betonar ocksa problem
som stottes pa under projektets gang. Det har examensarbetet kan anvandas som
underlag for framtida projekt for att forbattra mikroskopet.

Nyckelord: Light-sheet mikroskopi, = Mikroskopi, Optiska system,
Brytningsindex






Acknowledgements

I would like to thank my examiner Hjalmar Brismar for the opportunity to perform this
thesis at SciLifeLab and the time and work he has devoted to this project. His creativity,
problem-solving mindset, and support have been a true inspiration in this project and
have helped me grow as an engineer. | would also like to thank my supervisor Steven
Edwards for his educational guidance in the lab and many hours of help in designing and
performing the experiments. Without his expertise, interest, and constructive feedback,
this thesis would not have been possible. | would also like to thank all kind people | have
had the pleasure of meeting at SciLifeLab. Thank you for all meetings and lunch breaks
Iled with interesting conversations and unserious discussions.

Jag skulle ocksa vilja tacka min familj for allt stod jag har fatt under det har
projektet och under min studietid. Tack ocksa till alla personer jag har fatt lara kanna
pa KTH som har gjort att jag vill fortsatta. Tack for alla skratt, er omtanke och stunder
som har lett mig till var och vem jag ar idag.

Stockholm, May 2026
Markus Hofer



Vi



Contents

[List of Figures |

IList of [ables |

(1 _Introduction |

1.1 Background . .. ... .................
1.2 Problem . ... ... ... .. ... ... . ... ...

Background |

[2.1 Fluorescence microscopy . . . . . .. ... .. ...
[2.1.1 Fluorophores . ... ..............
[2.1.2 Light sheet microscopy . . . . ... ... ...
[2.1.3 Nyquist sampling criterion . . . . . . ... ..
[2.1.4  Image reconstruction . . . . . ... ... ...

2.2 Optical systems . . . . ... ... ... ... .....

[2.2.2 Numerical aperture . . . .. ... .......
[2.2.3 Spatial resolutiop . . . . ... ... ... L.
[2.2.4 Collimated light beams . . . . . .. ... ...
.25 Focallength . . ... ... ... ........

Materials and Methods

3.1 Building the microscope . . . ... ... ... ....

3.2 Beamblocker . ... ... ... ... ... ...

3.3 Biologicalsamples. . . .. .. .. ... ........
3.3.1 Embryonicratkidney. . .. ... ... .. ..
3.3.2 Piece of mouse kidney . . ... .......



CONTENTS

3.4 Imaging experiments . . . . . . . . . ... 17
3.5 Software . . . . ... e 17
3.5.1 Motorized stages . . . ... . ... . ... 18
352 Camera . ... . ... e 18
3.5.3 Beamblocker . . ... ... ... 18
354 Laser. . . . . .. e e 18
3.5.5 Graphical userinterface . .. .. .. ... ... .......... 19
Calibratonmode . . . . .. .. .. ... .. ... ... ... 19
Measurementmode . . . . . . . . ... 23
3.5.6 Image reconstruction . . . . . .. ... ... .. 0 25
4 Results 26
4.1 Userinterface . . . . . . . . . . . . .. e 26
4.1.1 Calibrationmode . . . . .. . .. . ... ... 27
4.1.2 Measurementmode . . . . .. .. ... 37
4.2 Image acquisition . . . . . . .. e 40
4.3 Obtainingaz-stack . . . .. ... ... ... ... 44
4.4 Image reconstruction . . . . . . . . . . .. 48
5 Discussion 56
5.1 Lightsource . . . . . . . . . 56
5.2 Light penetration . . . . . . . . . .. . ... 57
5.3 Obtainingaz-stack . . . . .. .. .. ... ... ... 59
5.4 Image reconstruction . . . . . . . . . ... e 63
6 Conclusion and Future work 64
6.1 Conclusions . . . . . . . ... e 64
6.2 Limitations . . . . . . . . ... 64
6.3 Future work . . . . . ... 65
A 3D printing for the beam blocker 68

viii



List

2.1
2.2
2.3

2.4
2.5

3.1

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
411
412
413
414
4.15
4.16
417
4.18
4.19
4.20
421
4.22
4.23
4.24
4.25

of Figures

Epi uorescence microscopy diagram . . . . . . . ... ... 5
Confocal uorescence microscopy diagram . . . . .. ... ... ..... 6
Selective planar illumination microscopy (SPIM) vs. digital scanned
light-sheet microscopy (DSLM) . . . . . .. .. ... . .. .. ...... 7
Full Width Half Maximum Measurement . . . . . . ... ... ... ... 10
Collimated and non-collimated light patters from a shear plate . . . . . . 11
Collimated light from the Cobolt Skyra laser shown on a shear plate . . . 15
Main menu . . . . . .. 26
Full calibration window . . . . . . . .. . ... ... ... 27
Mouse zoom . . . . . .. e e 28
Drag centered position . . . . . . . ... ... 28
Frame for camera and imaging functionality . . . . ... ... ... ... 29
Setting the exposure of the camera . . . . ... ... ... ........ 30
Llpixelview . . . .. . e 30
Changing maximum portrayed pixel intensity value . . . . ... ... .. 31
Auto-setted brightnessand contrast . . . . . .. ... ... ........ 32
User-setted boundaries for minimum and maximum pixel intensity values 32
Frame for motor and calibration functionality . . . .. .. ... .. ... 33
Calibration plot of the camera stepsize . . . . . ... .. ... ...... 34
Frame for the beam blocker . . . . . .. .. ... ... .. .. ...... 35
Beam blocker removal warning . . . . . . ... ... ... ... L. 35
Frame for laser settings . . . . . . . . . . . . .. ... 36
Laser emission warning . . . . . . . . . .o e e 37
Frame for saving images and exiting calibraton mode . . . . . . .. ... 37
Full measurement window . . . . .. ... .. ... .. ... ... 38
Frame for regular measurement . . . . .. ... .. ... ... ...... 39
Frame for measurement with image quality analysis . . . . . .. ... .. 40
Image taken with Thorlabs PL201 . . . . . . . ... ... ... .. .... 41
Image taken with Cobolt Skyra . . . . . .. .. .. ... ... ...... 42
Edited image taken with Thorlabs PL201 . . . . . . . .. ... ... ... 43
Edited image taken with Cobolt Skyra . . . . . .. ... ... ...... 44
Best camera position analysis . . . . .. .. ... .. oL 46



LIST OF FIGURES

4.26
4.27
4.28
4.29
4.30
4.31
4.32
4.33
4.34

5.1

Al
A.2
A3

Images captured with 405 nm and 561 nm wavelength . . . . . ... ... 47
Combined images taken with 405 nm and 561 nm wavelength. . . . . . . 48
Image reconstruction with wavelength 405 nm . . . ... ... ... ... 49
Image reconstruction with wavelength 561 nm . . . .. ... ... .. .. 50
Plane inserted to image reconstruction . . . . .. ... ... ....... 51
Image reconstruction with 405 nm and plane showing . . . . . . ... .. 52
Image reconstruction with 561 nm and plane showing . . . . . . ... .. 53
Image reconstruction with 405 nm and 561 nm wavelength . . . . . . .. 54
Image reconstruction with 405 nm and 561 nm wavelength, plane showing 55
Planar images of the mouse kidney piece . . .. ... ... ........ 62
Beam blocker 3D-printing . . . . . . . ... .. 68
Beam blocker plate 3D-printing . . . . . . . ... ... ... 69
Beam blocker . . . . . . . ... 70



List of Tables

2.1 Software used in the project

Xi



Xii



List of acronyms and abbreviations

DI
DSLM

FWHM
LSFM
PBS
PBST
Pl

PSF

SDS
SPIM

Deionized (water)
Digital scanned light-sheet microscopy

Full-width half maximum

Light Sheet Fluorescence Microscopy
Phosphate-bu ered saline

Phosphate-bu ered saline with Tween 20
Propidium lodide

Point-spread function

Sodium dodecyl sulfate
Selective planar illumination microscopy

Xiii



Xiv



List of symbols used

Wo

f

D lens

NA

SR

Si

beam waist thickness, Equation 2.1

focal length, Equation 2.1, 2.5

wavelength, Equation 2.1, 2.4

diaphragm of the illumination optics, Equation 2.1
refractive index, Equation 2.2, 2.3

angle of incoming light, Equation 2.2, 2.3
numerical aperture, Equation 2.3, 2.4

spatial resolution, Equation 2.4

distance between lens and object, Equation 2.5

distance between lens and image, Equation 2.5

XV



XVi



Chapter 1

Introduction

This chapter provides the purpose and the goals of this thesis. By providing an
introduction with background and information of the problem, the reader can get a sense
of the topics and relevancy of the thesis. Lastly, limitations in the project are stated
followed by a brief statement about the structure of the thesis.

1.1 Background

Microscopy plays a fundamental role in biological and biomedical research. The ability
to observe the cellular and subcellular structures has contributed signi cantly to many
technological and medical advancements that we have in our society today. Therefore,
continued development and access to microscopy techniques are essential for advancing
research and promoting interest and participation in the eld of microscopy.

Various types of microscopy techniques have been developed for di erent properties
and scale of specimens being studied. One of these methods is light-sheet uorescence
microscopy (LSFM). This is an imaging technique in which a sample is divided into
sections for imaging by illuminating a thin light sheet on the sample and focusing a
camera at the structures struck by the light. The acquired images can be reconstructed
into three-dimensional visualizations with high contrast and depth resolution. Recent
advances in LSFM have demonstrated strong potential in biomedical imaging. As a
result, research is focusing on reducing the cost, obtaining better results, and creating
simple and user-friendly microscopes to increase the access of light sheet microscopes.

1.2 Problem

To obtain high-quality three-dimensional visualizations in light sheet uorescence
microscopy, it is important that the images are focused throughout the image acquisition.
The imaging process should also be fast, meaning that the process should be automatic
and operate quickly. It is also preferable to have advanced light sheet uorescence
microscopes that o ers a wide range of applications and settings. It is also important
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that an advanced system is easy to use and has high modularity so that the microscope
can be set up and rebuilt for speci ¢ experiment conditions without di culty. Even if
the system is advanced, it is also important that the microscope is cost-e cient so that
the access to light sheet uorescence microscopes can be increased.

1.3 Purpose

The purpose of this thesis is to create a light sheet uorescence microscope that e ectively
captures images and complete image stacks for three-dimensional visualizations. The
microscope should be easy to use and to rebuild so that it can be used for multiple
experimental setups. By experimenting with the setup, the microscope should also be
used to broaden knowledge about optics and practice engineering skills while learning
about cellular structures.

1.4 Goals

The primary objective of this thesis is to build a light sheet uorescence microscope
that is controlled with software to e ectively capture images and automatically perform
image stacks for three-dimensional visualizations. The image stacks should account for
refraction that a ects distance in the optical path so that the quality remains high
throughout the image stack. The secondary objective is to improve the image quality,
broaden the applications of the microscope and promote user-friendliness and modularity
while considering the aspect of cost-e ciency.

1.5 Limitations

The main limitation of this thesis is the nancial aspect. Hardware and optical
components are expensive, which resulted in the use of material that was already available
and careful consideration before purchasing a new material. However, in the goal of
increasing access to light sheet uorescence microscopes, nding cost-e cient solutions
was in focus with the nancial aspect limit of the thesis. This encouraged cost-e ciency
and the use of material already available in a lab environment.

1.6 Structure of the thesis

The thesis is structured in the chapters background, material and methods, results,
discussion, and conclusion and future work. The background provides the necessary
theoretical knowledge to understand the physical concepts and the process of creating
the microscope. Materials and method goes through how the microscope was built and
the experiments to test the functionality of the microscope. The results chapter shows
the outcome of building the microscope and the imaging experiments that demonstrated

2
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the applications of the microscope. The results are revised in the discussion that relates
the structure of the microscope and the experiments to the goals of the thesis and other
important topics that should be considered. In the chapter called conclusion and future
work, the thesis is summarized and analyzed. As mentioned in the name of the chapter,
this chapter also provides suggestions about future work. These suggestions are related
to di erent areas depending on the direction of improvement.



Chapter 2

Background

This chapter provides the theoretical background regarding light sheet uorescence
microscopy and optical systems. It also provides the necessary details about the software
that is used to control the components and perform image analysis and visualization.
Finally, related previous work is discussed and the project of the thesis is summarized.

2.1 Fluorescence microscopy

Fluorescence microscopy is an imaging technique in which a laser beam illuminates a
sample and a camera captures the part of the sample that is illuminated. There are
di erent methods to perform uorescence microscopy imaging, but the common structure
consists of a light source, a lter for incoming light, a dichroic beam splitter or mirror,

a lter for emitted light, and a camera[l]. The lter for incoming light is only needed if
the light source consists of multiple wavelengths, or to guaranty that the sample is only
receiving the wavelength corresponding to the uorophore the sample has been stained
with. The dichroic beam splitter re ects light with shorter wavelengths while light with
longer wavelengths is transmitted. The light from the light source usually consists of
shorter wavelengths and can be re ected with the dichroic beam splitter towards the
sample. The light that is emitted from the sample usually consists of longer wavelengths
which transmit through the dichroic beam splitter. This emitted light continues towards
the camera. Before the light enters the camera, the light has to travel through an emission
Iter. The emission Iter only transmits light with the wavelength of the emitted light[1].
Many emission lIters do not just transmit a singular wavelength. Instead, they transmit
light with wavelength in a given range, everything else is rejected.

Two types of uorescence microscopy are epi uorescence microscopy and confocal
uorescence microscopy. Epiuorescence microscopy is a uorescence microscopy
technique in which the incoming light and the emitted light travel through the same
objective lens[1]. A diagram of epi uorescence microscopy can be seen in Fig. 2.1. The
method is e ective in terms of material, but it has limitations. For instance, in this
technique, the entire sample is illuminated. This means that the camera is receiving light
from the sample that is both in focus and out of focus which requires computational aid

4
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to obtain good spatial resolution. Another issue with this technique is that it does not
provide any depth information. Since the entire sample is illuminated, it is not possible
to draw any conclusions about the structure of the sample in the axial direction that is
the thickness of the sample[1].

Figure 2.1: Diagram of an epi uorescence microscopy system. Image source[1].

Confocal uorescence microscopy limits the contribution of out of focus light by
focusing the incoming light to a point source[2]. This allows for high resolution within the
sample. By focusing the incoming light and the camera to positions over the sample, it
is possible to create three-dimensional reconstructions of the target with so called optical
sectioning. A diagram of the imaging technique that is confocal uorescence microscopy
can be seen in Fig. 2.2. An application of confocal uorescence microscopy is laser
scanning confocal microscopy. In this method, the optical sectioning is typically limited
to the xy-plane and can be described as a slice. Moving the slice along the z-direction of
the sample and capturing images, it is possible to obtain a so called z-stack. The z-stack

5
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is then used to assemble the three-dimensional reconstruction. While image quality can
be improved with confocal uorescence microscopy, there are a few aspects to consider
with confocal uorescence microscopy. One aspect is depth penetration. To image deep
within the sample, one requires an objective with high numerical aperture and long
working distance[2]. The same applies to the penetration of light. Rayleigh scattering
is a phenomenon in which shorter wavelength scatter more easily than light with longer
wavelength [3]. This is also the reason why the sky is blue; Shorter wavelengths that
are blue in color scatter more easily as they enter the atmosphere, causing the sky
to appear blue in our eyes. So, to increase depth penetration, light with a longer
wavelength is preferred[3]. Another aspect to consider is the longer image acquisition
time in comparison to epi uorescence microscopy[2]. The total time to obtain a full
image of a sample is decided by the imaging speed of the system, the size of the sample,
and the optical sectioning thickness. This also exposes the sample to light for a longer
period of time, resulting in photobleaching[2].

Figure 2.2: Diagram of a confocal uorescence microscopy system. Image source[2]

2.1.1 Fluorophores

Fluorophores are molecules that can absorb and emit photons, a phenomena known
as uorescence[4]. In a uorescence process, the molecule absorbs light at a specic
wavelength, and after a period of time, light is emitted at a di erent wavelength. This

is known as Stokes shift. Fluorophores are used in biomedical experiments to improve
contrast and facilitate identi cation of structures in images[4].

One issue with uorophores is photobleaching. When a uorophore is illuminated with
high intensity or for a longer period of time, the uorophore loses its uorescent ability[5].
Photobleaching is a non-reversible process that exists for all uorophores. In order to
limit photobleaching, scientists try to limit the exposition of light to uorophores[5].
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2.1.2 Light sheet microscopy

A light sheet is light that has been manipulated in an optical system to compress its
width in a chosen direction. In this way, it is possible to obtain illumination light that
is narrow, which allows for optical sectioning while imaging. This is known as light
sheet microscopy. There are two major types of light sheet microscopy: selective planar
illumination microscopy (SPIM) and digital scanned light-sheet microscopy (DSLM)[6].

SPIM uses planar light sheets to illuminate the sample. The planar light sheet can
be created using a cylindrical lens. Important to point out is that it is impossible to
create a perfectly planar light sheet. Instead, it is possible to create a light sheet that is
hyperbolic in the xz-plane. The beam waist, the thickness of the light sheet at its focus
point, can be de ned in Equation 2.1.

1:4f

= 2.1
o 2Dlens ( )

where f is the focal length of the illumination optics, is the wavelength of the
incoming light, and Dins is the diaphragm of the illumination optics. The beam waist is
usually referred to as the light sheet thickness. In Fig. 2.3, a diagram of SPIM can be
observed.

DSLM is a light sheet microscopy technique that divides the light sheet into individual
laser beams. The scans of each laser beam are then computationally summed to form
a light sheet. By using f-theta lenses and scanning mirrors, the beam is splitted into
individual laser beams, thus removing the need of moving the objective or sample. A
diagram of DSLM can be seen in Fig. 2.3. An advantage of this method is that it does not
have to consider confocal parameters and beam waist thickness. However, the method
requires axial and horizontal scanning resulting in longer image acquisition times and
light exposure in the sample leading to photobleaching][6].

Figure 2.3: Selective planar illumination microscopy (SPIM) vs. digital scanned
light-sheet microscopy (DSLM). Image source[7].
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2.1.3 Nyquist sampling criterion

The Nyquist sampling criterion is a criterion that dictates the interval of sampling in
either frequency or space to accurately describe a signal or an object[8]. In microscopy,
the general de nition of the Nyquist sampling criterion is that the sampling distance is
not more than half of the spatial resolution of the microscope. This applies for both
lateral resolution and axial resolution.

When the Nyquist sampling criterion is exceeded, the system fails to correctly present
information about the signal or the object. This is called aliasing. There are di erent
types of aliasing e ects; False details, jagged edges, and moie patterns are examples of
aliasing e ects that decreases the ability of the system to portray true and high-resolution
details[8].

2.1.4 Image reconstruction

Image reconstruction is known as the creation of a three-dimensional view of a sample.
This three-dimensional view can be generated from a z-stack of the sample and can
provide valuable information about the structures of the target[9]. A z-stack in light
sheet uorescence microscopy is a stack of images taken along the axis of a sample. This
is acquired by creating a light sheet focused at the sample and capturing images at all
possible positions of the light sheet in the sample[9]. If the thickness of the light sheet
and its FWHM is known, the step size of moving the laser for each image can be set to
half the FWHM distance or less to satisfy the Nyquist sampling criterion[8].

From the z-stack of images, one can use image reconstruction tools to obtain a
three-dimensional view of the sample. The image reconstruction is performed by setting
the voxel dimensions of the z-stack and image speci cations in an image reconstruction
program.

2.2 Optical systems

This section will provide the theoretical background for the concepts in the optical system
for the light sheet uorescence microscope.

2.2.1 Refractive index

Refractive index is a dimensionless measure of the bending of light when light passes
from one medium to another[10]. Snell's law is a formula that uses refraction indices of
medium to calculate the angle of refraction for incident rays[11]. This law is given in
Equation 2.2.

nysin( j)=ns,sin( ;) (2.2)

n; is the refractive index of the medium that the incident ray is traveling in,  is the
angle between the incident ray and the normal of the plane,ns the refractive index of

8



CHAPTER 2. BACKGROUND

the medium that the incident ray encounters, and , is the angle between the refracted
ray and the normal of the plane[11].

2.2.2 Numerical aperture

The numerical aperture is de ned as the sine of the acceptance angle for an optical
system[12]. It is a dimensionless measure that represents the angular acceptance of
incoming light. The formula for numerical aperture is given in Equation 2.3 where n

is the refractive index of the medium that the light is traveling in and is the maximum
angle in which light can enter the system[12].

NA =nsin() (2.3)

2.2.3 Spatial resolution

Spatial resolution is known as the distance between two objects where the objects can
still be separated from each other. It can be measured in many ways depending on the
optical system it is being used in but is typically used as an indicator of how well details
can be resolved. Spatial resolution in a camera can be calculated with the wavelength of
the emitted light and the numerical aperture of the system as seen in Equation 2.4[12].

SR = (2.4)

2NA

However, spatial resolution is not only limited to the wavelength and the numerical
aperture. The pixel dimensions of the imaging system restrict the smallest visible
object[13]. Since the pixels display what the imaging system is seeing, objects smaller
than the pixel size will not be seen. Instead, the pixel will portray that object as the
full pixel size with one value for brightness, and no information will be given about the
object[13].

There is also a limit in spatial resolution of the smallest object that a light beam can
resolve. This is known as full-width at half maximum, FWHM, and can be measured[14].
By shining the light beam on a detector with known pixel dimensions, one can obtain a
point-spread function (PSF) of the light. FWHM is obtained by measuring the highest
intensity value of the PSF and adding together the number of pixels in a direction that
are portraying at least half of the highest intensity value. Since the pixel dimensions are
known, the number of pixels that are receiving at least half of the maximum intensity
value in a direction can be multiplied with the pixel width in that direction to obtain the
distance that is FWHM. A measurement of FWHM can be seen in Fig. 2.4. Important to
consider for the measurement of FWHM is the pixel dimensions. To accurately measure
FWHM, the pixel size must be small enough to capture the light beam over a span of
pixels.
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Figure 2.4: A graph showing the calculation of full-width at half maximum, FWHM, in
a measurement. The y-axis is portrayed as intensity values while the x-axis is showing
the pixel numbers. Image source[15].

2.2.4 Collimated light beams

To ensure illumination quality in confocal laser scanning microscopes, collimated light is
used[16]. Collimated light means that the light maintains a non-diverging shape in the
direction of the beam[17]. This means that there is a position where a lens can be placed
in the light beam where the focused light has the same width in all directions. The light
does not change marginally in size[17].

There are methods to test whether the light from a light source is collimated. One

10
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of these methods is the use of a shear plate[18]. A shear plate is a wedged optical at
that is mounted with a 45° incline from the laser beam input. The incident laser beam
hits the wedged optical at and is displayed on a di user plate placed above the wedged
optical at. The incident laser beam also travels through the wedged optical at and is
re ected in a mirror. The re ected light travels through the wedged optical at and is
also displayed on the di user plate above the wedged optical at. The pattern displayed
on the di user plate in the overlap of the two re ected light beams indicates whether the
light is collimated or not[18]. Fig. 2.5 shows images of the patterns displaying collimated
and non-collimated light.

Figure 2.5: Collimated and non-collimated light patterns from a shear plate. Image
source[18].

2.2.5 Focal length

Focal length is the distance from the lens where light is focused[19]. Focal length is
involved in many formulas for optical systems and can be used to calculate distances in
optical systems. A formula that is frequently used when constructing microscopes is the
lens equation. The lens equation can be seen in Equation 2.5.

1 1 1

= — 4+ —

f Se S

f is the focal length of the lens, sis the distance between the lens and the object, and

s is the distance between the lens and the image[19]. The lens equation is also known
as the thin lens equation as it does not consider the thickness of the lens. However, the
thin lens equation can be applied to thick lenses by calculating the e ective focal length
of the thick lens by dividing it into a system of thin lenses[20]. The lens equation is used
to calculate the distances between the light source, the lens, and the image and can be
used to collimate light or nd the best focus for an image[19].

(2.5)
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2.3 Software

Several types of software programs and implementations has been used in this project to
control the microscope, analyze images, and generate three-dimensional visualizations.
Table 2.1 speci es the software used and their purpose.

Table 2.1: Software used in the project and their purposes

Software Purpose

Thorlabs Kinetics Control of the motorized stages to
move the sample and the camera
Thorlabs Kiralux Compact Scienti c Camera | Control of the camera

Arduino IDE Control of Arduino hardware

Cobolt Monitor Control of the laser Cobolt Skyra

Fiji Image analysis program

Napari Program for three-dimensional
visualization

Thorlabs Kinetics is the Thorlabs-developed software that controls K-Cube DC Servo
Motor Controller, also known as KDC101. KDC101 can connect to a DC Servo Motor
Actuator, also known as Z925B, that has 25 mm extension range which is used to move
the stages that the sample and the camera is mounted on. Thorlabs Kiralux Compact
Scienti c Camera is the software used to control the camera Kiralux 12.3 Monochrome
CMOS Camera. This software was also developed by Thorlabs. Arduino IDE is an
open-source application that is used to upload code to Arduino hardware. The code
can be written in multiple coding languages and can be used to control servo motors of
Arduino type. pycobolt is a Python package developed by Cobolt to control lasers such
as Cobolt Skyra. This package can be downloaded from the Cobolt GitHub page and
imported into a Python script to control the laser. Fiji is an open-source imaging analysis
software built on ImageJ which is an image analysis program built in Java. Fiji includes
ImageJ but also has additional internals, libraries and plugins for processing and analyzing
images. Napari is a multi-dimensional viewer that can generate three-dimensional views
from images. Napari is built in Python.

2.4 Related work

This thesis is based on the open-source microscope design presented in the article about
descSPIM[14]. The base setup seen in this article is used, but modi cations have been
performed for the purpose of this thesis. This includes testing di erent light sources,
creating safety measures such as a beam blocker, and using other sample containers.
Additionally, this thesis is based on the work of previous research related to the
microscope. The biological samples that were imaged in this thesis were prepared by
other students. Once clearing had been performed, these samples were delivered for
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imaging experiments. This allowed for available imaging samples so this thesis could
focus on the design of the optical system and development of a graphical user interface.

2.5 Summary

In this project, knowledge of optical physics and systems was combined with
Python-encoded software to build a light sheet uorescence microscope. By combining
these concepts, images with su cient quality can be taken, and three-dimensional
visualization can be performed.
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Chapter 3

Materials and Methods

This chapter will provide the details regarding the materials used and the experiments
performed.

3.1 Building the microscope

The microscope was assembled by following the instructions given on the descSPIM
GitHub page. The microscope was set up on a breadboard that was 45x60 cm in size.
The laser that was used to illuminate the sample sent the beam via a ber where the end
of the ber was mounted on a 15 cm high post. The laser beam was directed towards two
elliptical mirrors that lowered the laser in height closer to the breadboard. A cylindrical
lens with focal length of 15 cm was placed after the second elliptical mirror to create a
light sheet. A third elliptical mirror was placed in front of the cylindrical lens. The third
elliptical mirror guided the laser beam to the sample.

Various types of lasers have been tested to nd suitable illumination for the
microscope. Initially, a USB-connected laser with wavelength 520 nm was used to create
a light sheet in the sample. This laser had a consistent intensity of 0.9 mW and was
combined with a beam expander placed before the rst elliptical mirror. The beam
expander increases the beam width that is used to create a light sheet. This laser was
able to produce images but did not provide options regarding wavelength or intensity
settings that is often necessary for light sheet uorescence imaging. A LDI NIR laser was
also considered. This laser integrated multi-wavelength illumination where the intensities
could be set by the user. The intensities ranged from 0 - 2 W. However, a shear plate
showed that the laser beam was diverging and could not be collimated. It was discovered
that this laser is specialized for wide eld microscopy rather than light sheet uorescence
microscopy, which ultimately led to the laser being rejected. Finally, a Cobolt Skyra
laser was tested for the setup. It provided wavelengths of 405 nm, 488 nm, 561 nm, and
638 nm, and each of them could produce laser beams with at least 80 mW intensity.
Testing the Cobolt Skyra laser with a shear plate, it was observed that the light could
be collimated. The result of the shear plate collimation test for the Cobolt Skyra laser
can be seen in Fig. 3.1.
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Figure 3.1: Collimated light from the Cobolt Skyra laser shown on a shear plate. A
cylindrical lens was placed in the beam path before the shear plate, hence the lines in
the pattern are curved.

3.2 Beam blocker

A beam blocker was constructed to safely use the lasers. The beam blocker was 3D-printed
using TinkerCad, an online tool used to create 3D-objects as STL-les. The STL- le of
the beam blocker was converted to G-code in the Creality App. The G-code was uploaded
to a Creality K2 Plus 3D-printer. In a similar process, a platform was constructed to
hold the beam blocker. This platform was optimized to mount the beam blocker in the
microscope setup. More information regarding the 3D-printing of the beam blocker can
be found in Appendix A.

The 3D-printed beam blocker was placed on a 5V SG90 servo motor with a controllable
rotating arm. The servo motor was connected to a Genuino UNO, an arduino based circuit
board that can be connected to a computer. A script was written in Arduino IDE to
control the arm and the program was saved as an INO- le. More information regarding
the code for controlling the beam blocker can be found in Appendix B.
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The beam blocker was placed on a mount with adjustable height. The 3D-printed
platform to hold the beam blocker was placed on the mount. The servo motor holding
the 3D-printed object to block the beam was placed on the platform and locked into
place with a clamp. The construction was placed so that the 3D-printed object blocks
the location where the laser exits the ber and enters the optical system. It was also
placed so that when the beam blocker is in open mode, the beam blocker is not in the
optical path.

3.3 Biological samples

The biological samples used for acquiring images were extracted from kidneys from mice.
The following two paragraphs describes how the two biological samples were extracted.

3.3.1 Embryonic rat kidney

The embryonic rat kidney was cleared in 1 mL clearing solution consisting of boric acid
and sodium dodecyl sulfate (SDS). The embryonic rat kidney was then incubated for one
day in 50 °C. The clearing solution was then substituted with a boric acid solution and
the embryonic rat kidney was then again incubated at 50 °C for one day. The embryonic
rat kidney was then washed with 1 mL phosphate-bu ered saline (PBS) two times before
labeled with 1 L propidium iodide (PIl) and 500 L phosphate-bu ered saline with
Tween 20 (PBST). The embryonic rat kidney was then incubated at 37 °C for three days.
The embryonic rat kidney was then washed with 1 mL of PBST two times before it was
embedded with 500 L deionized (DI) water (50 %) and 500 L of Cubic R (50 %).
The embryonic rat kidney was then incubated at room temperature for ve hours in the
dark. The DI water and the Cubic R* was then removed and replaced with 1 mL Cubic
R* (100 %) to then once again being incubated in room temperature in the dark until
it was time for the imaging experiments. Before imaging, the embryonic rat kidney with
solution was placed in a cuvette. Silicon oil was added to the cuvette, and para Im was
placed on top of the cuvette. This was to protect the sample from contamination and
liquid vaporization.

3.3.2 Piece of mouse kidney

A piece of a mouse kidney was cleared in 10 mL of clearing solution consisting of boric
acid and SDS. The mouse kidney was then incubated at 50 °C for 3 days. The mouse
kidney was then washed with 1 mL of PBS two times before it was cleared in 10 mL of
Cubic-L and incubated at 37 °C for four days. The mouse kidney piece was then washed
with 1 mL of PBS two times before it was incubated at 37 °C. The next step was labeling
the mouse kidney piece. The mouse kidney piece was labeled with 3 L propidium iodide
(PI), 3 L of POPO-1 and 3 mL of PBST. The mouse kidney piece was then incubated
for three days in a temperture of 37 °C. After three days, the mouse kidney piece was
washed twice with 1 mL of PBST and then embedded with 1 mL DI water (50 %) and 1
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mL of Cubic R* (50 %). The mouse kidney part was then incubated in room temperature
in the dark for one day. The DI water and the Cubic R was then removed and replaced

with 2 mL Cubic R* (100 %) to then once again being incubated in room temperature
in the dark until it was time for the imaging experiments. Before imaging, the mouse

kidney piece with solution was placed in a cuvette. Silicon oil was added to the cuvette,
and para Im was placed on top of the cuvette. This was to protect the sample from

contamination and liquid vaporization.

3.4 Imaging experiments

The main objective of the microscope is to produce a three-dimensional view of the sample
being imaged. This is performed by acquiring two-dimensional images of the sample and
reconstructing a three-dimensional view from them. The easiest method to produce a
three-dimensional view of the sample is to perform a z-stack. A z-stack is the process
of acquiring two-dimensional images with enough interval along the axis of a sample to
capture the whole specimen. Therefore, the goal of the thesis was to produce a z-stack
of a sample, and from the z-stack of the sample produce a three-dimensional view of the
object imaged.

3.5 Software

This section provides the information regarding the software related to the components
and the user interface that is used to control the light sheet uorescence microscope. It
also provides information regarding the program and the code for the image reconstruction
to produce a three-dimensional visualization of the cells The software code is written in
Python scripts that were created in VS Code. All software code can be found on the
GitHub page for the microscope at https://github.com/MarkusHoferKTH/descSP
IM_software. The software was inspired by the work of previous students, code and
code examples provided by the companies of the microscope components, and arti cial
intelligence. The code provided by these sources was then rewritten for the purpose
of this thesis except for the Cobolt Skyra laser, where a coding example was used to
send commands to the laser. The coding example was taken from the GitHub page
https://github.com/cobolt-lasers/pycobolt.

The Python script for microscope operation includes control of the motors that
move the sample and the camera stage, the camera that images the sample, the laser
that illuminates the sample and the beam blocker to ensure safe operation. Note that
the script only contains the code for the Cobolt Skyra laser as the other lasers were
either manually controlled or rejected for this microscope setup. The code for the beam
blocker was written in Arduino IDE but connected to the program via serial commands.
Initially, MicroManager was used to send commands to the camera. However, running the
code with MicroManager encountered issues so the Kiralux Compact Scienti c Camera
software was used instead.
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3.5.1 Motorized stages

The motorized stages were controlled via the Kinetic software. This code was inspired
from the GitHub page for the Kinetic software that is used to control the Thorlabs
KDC101 that is connected to a Thorlabs Z925B, also known as the motorized stages.
For this, the Kinetics software was downloaded and added in the program as a library.
With inspiration from the GitHub page, helper methods could be written for controlling
the motorized stages. These helper methods could communicate to a motorized stage by
sending commands via the serial number of the motorized stages and serial commands.
These helper methods were connecting and initialization of a motorized stage, getting
its position, moving it to a desired position and waiting until the movement has been
performed.

3.5.2 Camera

The camera was controlled via the Kiralux Compact Scien cic Camera software. This
code was inspired from the GitHub page for the Kiralux Compact Scientic Camera
software where code for operating the CS126MU Kiralux, the camera for this setup,
could be found. To control the camera via this software, the scienti ¢ imaging software
from Thorlabs had to be downloaded and added as a directory in the program. From
this the les could be imported, and the camera could be initialized. With this software,
methods such as start live imaging, update frames, capture image, stop live imaging, and
save image could be written.

3.5.3 Beam blocker

A script was written in Arduino IDE and saved and uploaded to the Genuino UNO as an
INO- le to control the beam blocker. This script contained an initialization that is called

in the beginning of the program to write the beam blocker arm to block, i.e. setting
the arm at angle 180 degrees and blocking the optical path. The script also contained
active methods that listened for the commands 'U' for up and 'D' for down. When 'U’

is written to the Genuino UNO, the beam blocker arm moves to 165 degrees which is 15
degrees upwards from the base position and is not blocking the optical path. When 'D' is
written to the Genuino Uno, the beam blocker arm moves to 180 degrees, which is down
for the position of up and in the optical path of the beam. The serial ports were used to
send the up and down commands to the beam blocker.

3.5.4 Laser

In this paragraph, only software regarding the Cobolt Skyra laser will be discussed due to
the reasons stated in Chapter 3.1. To control the Cobolt Skyra laser, the software from
the GitHub page for Cobolt Skyra was downloaded and used. This was created as an
individual Python le. In order to only use the methods for selecting wavelengths, setting
power, and turning the laser on and o, a new Python script was created. This script
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was called SkyraController and contained implementations of the Cobolt Skyra code
needed for the program. These were methods such as starting the program, selecting and
deselecting lasers, turning lasers on and o, and turning o the system. Each of these
methods was written with safety in focus to make the program as risk free as possible for
the user to operate.

3.5.5 Graphical user interface

The next step was to design a graphical user interface. For this, the Tk interface was
chosen as the base interface for the user to control the components of the microscope. It
was decided that the microscope needed two types of operations: Calibration mode and
Measurement mode.

Calibration mode

The rst purpose of calibration mode was that it provides the necessary features for
the user to calculate the calibration coe cient that is used to set the step size of the
camera during a z-stack. The calibration coe cient is a coe cient that is multiplied

with the step size of the sample during a z-stack to get the distance the camera should
move for each step to still be in focus. It was concluded that the relationship between
the sample stage and the camera stage must be linear since the incident angle to the
refracted angle of a ray changes linearly in the setup, see Equation 2.2. Therefore, the
calibration coe cient of the camera step size can be calculated from a rst order t

of measurements performed throughout the axis of the sample. The second purpose of
calibration mode was that the user can use it to decide the entry positions for the sample
and the camera to perform a z-stack, also known as the starting positions. In order to
ful Il these purposes, it was decided that the calibration mode needed live imaging with
methods to help the user nd optimized camera positions. It was also decided that the
calibration window needed methods to move the sample stage and the camera stage to
entered positions from the user. There was also a need of saving positions to make a
rst order t to calculate the calibration coe cient of the camera stage. The user should
also be able to select activated wavelengths and power of the laser to image samples
depending on samples and uorophores that the samples have been stained with. The
user interface also required safety measures since the laser can harm the user. Therefore,
the calibration mode should provide a user-controlled toggle of the beam blocker and
warnings when the beam blocker is being removed or when the laser is being activated.
The user should also be able to capture images and save them in a directory of their
choosing. Lastly, a method for safe exiting of the calibration mode, and the program,
was to be implemented. Safe exit means correctly shutting down the motorized stages,
disconnecting the camera, making sure that the beam blocker is blocking the beam and
that the laser is turned o . The methods of calibration mode were implemented so that
user entry communicates with the components. Before an entry is sent, the methods in
calibration mode checks that they are valid.
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Structure of the calibration window

The calibration window is divided in a left frame and a right frame. The left frame
consists of the live imaging and it occupies most space in the window to accurately
portray the camera view. It displays a copy of the raw data that the camera is obtaining.
By displaying a copy of the raw data, it allows for the image viewed by the user to be
manipulated to better analyze the live imaging while safely acquiring raw data. With
this a zoom function could be written that listens to the touch pad of the computer and
crops the image based on where in the live imaging frame the mouse is placed. Following
the zoom function, a method to drag and drop the cropped image could be written that
moves displayed pixels based on the movement of the mouse that listens to left-click.

The right frame consisted of a scrollable frame divided into frames with headlines
and visible barriers, also known as label frames, related to components or settings. The
scrollable frame was built with Tk interface methods Canvas and Scrollbar and binding
it with mouse scroll. The label frames in the right frame were: live imaging, motorized
stages, beam blocker, laser, and saving and exiting.

Live imaging frame

The label frame for live imaging contained all methods for manipulating the image seen
in the program and capturing images. The methods for manipulating the image seen
were setting the camera exposure, providing a 1:1 pixel size view of the raw data, and
brightness and contrast settings. The exposure was set via a helper method from the
Kiralux software. The 1:1 pixel size view was created to provide the viewer with the
actual view of the camera. This method expands the left frame into the right frame and
does not resize the two-dimensional pixel matrix to t the window, portraying the raw
data as 1:1 pixel size in a zoomed in window.

The brightness and contrast settings consisted of an auto-stretch button and a label
frame with sliders for minimum portrayed pixel value, maximum portrayed pixel value,
brightness and contrast. Inside the label frame there was also a button to automatically
set the sliders to values that best t the image portrayed, a button where the user can set
the minimum and maximum pixel value their self, and a button to reset the sliders to the
initial values of 0 and 65535 as minimum and maximum, respectively. The auto-stretch
method uses the Python library Numpy built in command "percentile” which in this case
is used to set minimum pixel value to 0.5 percent lowest pixel value and maximum pixel
value to 99.8 percent highest value. This is then used with the Numpy method "clip" to
convert all pixel values lower than this to the newly set lowest pixel value and all pixel
values higher than this to the newly set highest pixel value. This is then normalized and
multiplied with 255 to get suitable contrast in the image. The same logic is applied in
auto-set button that is below the sliders in the label frame. The sliders for the minimum
and maximum pixel value are dependent on the sliders for brightness and contrast, and
the sliders for brightness and contrast change if either minimum or maximum pixel value
is changed. The minimum slider is initially set to O since it is the lowest pixel value
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and the maximum slider is initially set to 65535 as it is the highest pixel value for the
type of image portrayed. The minimum and maximum sliders are constructed so that
the minimum pixel value can not exceed the maximum pixel value, and the maximum
pixel value can not be set to a lower value than the minimum pixel value. Brightness is
set by taking the sum of the displayed minimum and maximum pixel value and dividing

it by 2. With this centered value, brightness is calculated by subtracting half of the

global maximum pixel value, 32767.5, and dividing this value with half of the global
maximum pixel value. Contrast is set by taking the di erence of the displayed minimum

and maximum pixel value and dividing it by the global maximum pixel value which is

65535. With these formulas it is also possible to the set the minimum and maximum
pixel value from contrast and brightness values. The set minimum and maximum pixel
value button was constructed for ne adjustments of brightness and contrast settings.
It sets the lowest value for the minimum pixel value slider and the highest value for the
maximum pixel value slider. The reset button resets the sliders to their initial boundaries
and values.

Below the label frame for brightness and contrast settings was the label frame for
capturing images. Here a button was constructed that captures an image. The program
then pauses the live imaging and a message box asks if the user want to save the image. If
the user clicks 'yes', the last raw data that the camera captured is saved to the computer.
Another message box then asks if the user wants to use the current positions of the sample
and camera stage to calibrate the camera step size. If the user clicks 'yes', the positions
are saved.

Below the button for capturing an image, there is a button for capturing an image
with image quality analysis. An image with image quality analysis is a computer-assisted
image quality analysis process that analyzes camera positions in a £0.2 cm range of
the current camera position to nd the camera position with the highest image quality
analysis score. This range of +0.2 cm was selected because it was di cult to determine
the best camera position in a 0.4 cm range. As a rst step, ve images are taken in a
+0.2 cm interval. The image with the highest computational score is returned and the
camera moves to the position where this was taken. Then ve more images are taken
in a £0.1 cm interval where the camera then moves to the position where the highest
computational image score was taken. Lastly, eleven images are taken in a £0.1 cm
interval. In this step, all camera positions and computational image analysis scores are
saved and used to produce a graph that is presented to the user in a new window. In
this window the user can see the measured data and a tted second order plot where the
calculated peak for image quality scores is marked with an "X". There is also a tted
second order plot of the top measured data point and its two closest data points that is
also marked with an "X". The camera then moves to this position where the calculated
peak value for the image quality scores should be. Like the normal image capturing, the
program then asks if the user wants to save this image and if the user wants to use the
current sample and camera stage positions for calibration of the camera step size. The
image quality analysis tool can be selected by the user in a label frame below the button
for capturing an image with image quality analysis. In this label frame, the user can
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select if they want the images taken in the image process to be analyzed with Brenner
gradient, Fast Fourier Transform, Laplacian variance, or Tenengrad. All processes start
by cropping only the center pixels where the object imaged should be. Brenner gradient
is measuring pixel intensities between adjacent pixels and produces a score that is the
overall sum of di erences in pixel intensities. Larger di erences in intensities is assumed
to be a better-focused image. Fast Fourier Transform is the process of transforming an
image to the frequency domain, processing it, and then inverting it back to the spatial
plane. In this case, low frequencies can be removed in the frequency domain and the
image quality analysis score can be presented as the mean of the frequencies. Laplacian
variance analyzes an image as a three-dimensional graph with pixel intensities. Rapid
change in the graph is known as better focus. To reduce noise and average peaks, a
Gaussian blur with a kernel of three by three pixels was added before the Laplacian was
applied. This was performed with help methods from the OpenCV package for Python.
Variance could then be calculated by applying the help method var() on the Laplacian
matrix. Tenengrad is an image analysis tool that uses the Sobel gradient in both x- and
y-direction in an image and then averages the sum of their values squared. This was
performed by using the help method for Sobel gradient calculation. By using the Tk
interface built in Radiobuttons, it was possible to implement a button system where the
user can select only one of the image analysis tools to take an image with image quality
analysis.

Motorized stages frame

In the label frame for the motorized stages, two entry elds were created: one for the
sample motor stage and one for the camera motor stage. A method was written to only
allow entries between 0 and 23 mm which were within the motor range for the Z925B.
If the entry was within range, the helper method of moving the motorized stages that
was written with Kinetics could be used. By moving the sample and the camera stages
and observing the live image, the user can decide the starting positions of the sample
and camera stage for performing a z-stack. Below the entry elds for the motorized
stages, a button to save current positions for calibration of the camera step size was
created. Underneath this button, a button to show current calibration measurements
was implemented. If the user has saved at least two positions for the motorized stages it
is possible to create a rst order t to the saved positions for the sample stage and the
camera stage. When the button for show current calibration measurement is clicked, a
window with the rst order plot is shown. The equation for the plot was calculated with
the method "poly t" from the Numpy library and plotted in this window. The gradient

of the plot indicates the calibration coe cient for the camera step size.

Beam blocker frame

The label frame for the beam blocker only contained one button. This button was
for toggling the beam blocker. An arduino object was created in the program to
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communicate with the beam blocker. By implementing Serial as a python extension to
speak to USB-connected devices, it was possible to write to the Genuino UNO. When
the toggle button is clicked to remove the beam blocker, the program writes 'U' for "up”

to the beam blocker. When the toggle button is clicked to block the beam, the program
writes 'D' for "down" to the beam blocker. When 'U' is about to be written to the
arduino, the program presents a message box to the user informing the user that the
beam blocker is about to be removed. The message box also asks if the user is wearing
safety goggles and made sure that no one can get hurt by the laser. When the user is
ready to proceed, the user can click yes to continue.

Laser settings frame

In the label frame for the laser, the user has the option to select laser wavelengths.
The options are presented in the form of Checkbuttons that are implemented via the
Tk interface. When wavelengths are selected and deselected, methods are called to the
class for the Skyra Controller that send commands to the Cobolt Skyra laser. Below
the checkbuttons, the user can set the laser power in mW in an entry eld. To the
right of the entry eld, the user can click the set power button. This calls for a method
that checks that the power entered by the user does not exceed the maximum power
for the laser before the command is sent to the laser via the Skyra Controller. In
the bottom of this label frame, there is a toggle button for powering the laser. By
clicking this button, a message box appears and informs the user that the laser is
about to be turned on. The message box asks if the user is wearing safety goggles
and has made sure that no one can get hurt by the laser. If the user clicks yes to
proceed, a command to open the shutters for the wavelengths selected is sent to the laser.

Saving and exiting calibration mode frame

In the last label frame, the user has the options to save current live view as an image,
select directory for saving images, and exit calibration mode. Save current live view as
an image calls for the same method as capturing an image. Select directory for saving
images uses the built in Python method askdirectory() from FileDialog that is a part
of the Tk interface. Exit calibration disarms the camera, writes to the beam blocker to
block the beam, and shuts o the emission for the laser before the method to build the
main menu is called.

Measurement mode

Measurement mode is the window for performing z-stacks of the sample being observed.
The user is presented with two options for measurement: regular measurement and
measurement with image quality analysis. In the bottom of the window, buttons for
selecting saving directory, obtaining information about the types of measurements, and
exiting measurement mode were added.
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Regular measurement

Regular measurement is a normal z-stack measurement where the user can enter the
start positions for the sample and the camera stages, the step size for imaging the
sample, and the number of images to be taken. The user can also enter the calculated
calibration coe cient for the camera step size that can be calculated in calibration
mode. Below these entry elds, the user can select the wavelengths the user want to
image the sample with and their power. When the user clicks the button to start
measurement, the program checks that the entries the user has entered are valid. The
program also checks that the motorized stages will not exceed their limits. Before the
measurement starts, the program presents a message box to the user that the laser is
about to be turned on. If the user has put on safety goggles and made sure that no one
can get hurt by the laser, the user may proceed. The z-stack is performed by activating
the laser, removing the laser, and starting live imaging. The stages then move to the
user entered starting positions. An imaging loop is then performed where an image
is captured, the sample stage moves the user entered distance, and the camera moves
the user-calibrated distance for optimized imaging. When the imaging loop has been
completed, the program takes one last image before the the beam blocker is reset to
blocking the beam, the laser emission is turned o, and camera is disarmed.

Measurement with image quality analysis

Measurement with image quality analysis presents the same window as regular
measurement. The di erence between the two windows is that the start measurement
button calls for a method for computational-calculated positioning for imaging a
z-stack and a label frame where the user can select the image quality analysis tool
to analyze the images taken. The label frame for image quality analysis tools is the
same label frame presented in calibration mode with the options Brenner gradient, Fast
Fourier Transform, Laplacian variance, and Tenengrad. The z-stack for computational
analysis is performed by capturing three images for every imaging step in a range of
+80% of the camera step size, computing image analysis scores and tting a second
order plot to the values. If the calculated best position is within the £80 % range,
the camera moves to this position and captures an image that is saved for that
measurement step. If the calculated best position for the camera is outside the +80
% range, the camera uses the original camera step for that measurement point. This
type of measurement results in four images per image taken which in turn leads to
longer measurement times. To combat this, the fast version of the measurement with
image quality analysis option was created. This method performs image analysis only if
the image analysis score drops below a user-entered threshold in the form of a percentage.

Saving, information, and exiting
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Below the options for measurement, there are buttons for information regarding the

two types of measurements, selecting a saving directory for the images, and exiting
measurement mode. The information button presents a message box with a description
for the dierent types of measurements. The button for saving images in a chosen

directory is the same method as presented in calibration mode. Exiting measurement
mode is a button that calls for build main menu.

3.5.6 Image reconstruction

A new Python script was created for image reconstruction. Napari was downloaded and
imported into the script. To create the image reconstruction, a TIF- le consisting of two
z-stacks were used. The two z-stacks were z-stacks of the mouse kidney piece where one
z-stack was captured with 405 nm wavelength and one z-stack was captured with 561
nm wavelength. The two z-stacks were conjoined into a TIF- le in Fiji where the voxel
dimensions could be set. Since the z-stack had been captured with regular measurement
and the sample was captured with a step size of 25 m, the z-height of the voxel was
set to 25 m. This step size was chosen because of the Nyquist sampling criterion. As
mentioned in Chapter 2.1.3, this criterion states that the sampling distance should be less
than half of the spatial resolution. This resolution is decided by the FWHM of the laser
beam, as discussed in Chapter 2.2.3. The width of the light sheet was assumed to be the
FWHM and was never measured but was approximated to be around 40-100 m. This
was based on the fact that the width of the laser beam could be seen with the naked eye,
which has a spatial resolution of 40 m[21]. The x- and y-dimensions of the voxel were set
to 3.45 m and 3.45 m, respectively, since these were the dimensions of the pixels in the
camera. By importing the le path of the TIF- le and reading it into a variable, it was
possible to split the z-stacks into two channels inside Python. Here, the ratio between
the voxel length in the z-axis in relation to voxel length in x- and y-axis was taken into
consideration. The z-axis was then resampled for the two channels with the voxel length
ratio between the z-axis and the x- and y-axis in consideration. Then a viewer object
could be created in the script that made it possible to get a three-dimensional image in
Napari. The channels could then be added to the viewer as volumes where the z-stack
for 561 nm was mapped green, and the z-stack for 405 nm was mapped magenta. A
plane was then added to the viewer to see details from two-dimensional images from the
z-stack. By running the Python script, the viewer is sent to Napari that presents the
TIF- le.
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Chapter 4

Results

This chapter provides the results for the creation of a graphical user interface, using the
interface to capture a z-stack and the image reconstruction.

4.1 User interface

The user interface was successfully implemented to control the microscope and perform
the tasks described in Chapter 3.5.5. The following results will present the layout of the
program and its features by describing the functionalities and providing images of the
user interface.

By running the Python script for the program, the user is presented a main menu
with two options for the program: Calibration mode and Measurement mode. The main
menu is shown in Fig. 4.1.

Figure 4.1: Main menu the user is presented with when the program is initialized.
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4.1.1 Calibration mode

When the user clicks the button for calibration mode, the user is taken to a window
divided into two frames, where the left frame shows the live view of the camera and the
right frame contains all controls. The window for calibration mode is shown in Fig. 4.2.

Figure 4.2: Full calibration window. The image is of the mouse kidney piece imaged
with 561 nm wavelength at 10 mW intensity. The exposure of the camera was set to 100
ms and auto-stretch was on. The motorized stages were set to positions where the laser
was illuminating the mouse kidney piece and the position of the camera had focus. The
beam blocker was connected to the system but not placed in the beam path for the image
taken.

The left frame that contains the live imaging is presenting a copy of the raw data
that the camera is presenting. It has the built-in zoom function, shown in Fig. 4.3, that
listens to the mouse scroll and crops the live imaging based on where in the imaging
frame the mouse is placed. By holding the left-click of the mouse, it is possible to shift
the position in the image that is the center in a drag e ect, demonstrated in Fig. 4.4.
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Figure 4.3: Demonstration of the mouse zoom function in calibration mode.

Figure 4.4. Demonstration of the drag centered position function in calibration mode.

The right frame consists of labeled frames. There is a labeled frame for live imaging,
motorized stages, beam blocker, laser, and saving and exiting. The label frames are
organized in a frame with a scrollbar that listens to mouse scroll.

The labeled frame for live imaging manipulates the image seen in the left frame and
provide options for capturing images. This frame can be seen in Fig. 4.5.
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Figure 4.5: The frame for camera and imaging functionality in calibration mode.

In the labeled frame for live imaging, the user can set the camera exposure. An
exposure of 2000 ms is demonstrated in Fig. 4.6.
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Figure 4.6: Demonstration of setting the exposure of the camera to 2000 ms in calibration
mode.

The 1:1 pixel view expands the live imaging frame since no resizing is performed. This
view also crops the live imaging to a focused view. In Fig. 4.7, the 1:1 pixel view can be
observed.

Figure 4.7: Demonstration of the 1:1 pixel view. The window for live imaging has
expanded and the view is zoomed in at the center of the copy of raw data of the camera.

The user can also manipulate the brightness and contrast in the live imaging. In
Fig. 4.2, the auto-stretch is on. This means that the program adjusts the minimum and
maximum portrayed pixel intensity values and sets the brightness and contrast based on
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the raw data that the camera is capturing. In the labeled frame called "Brightness and
Contrast”, seen in Fig. 4.5, the user can set their own values for minimum and maximum
pixel intensity value and adjust brightness and contrast. In Fig. 4.8, it is demonstrated
when the user sets their own maximum pixel intensity value. Fig. 4.9 shows what happens
when the user clicks the "Auto” button. The "Set" button allows the user to set their
own boundaries for the maximum and minimum portrayed pixel intensity values, which
perpetuates the opportunity for ne-detail manual control of brightness and contrast
settings. In Fig. 4.10, the minimum portrayed pixel intensity value has been set to 5 and
the maximum portrayed pixel intensity value has been set to 700.

Figure 4.8: Demonstration of user-changed maximum portrayed pixel intensity value.
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Figure 4.9: Demonstration of the "Auto" button in the brightness and contrast settings
that sets the best maximum and minimum pixel intensity based on the raw data that the
camera is acquiring.

Figure 4.10: Demonstration of the "Set" button that sets the minimum and maximum
pixel intensity values based on user entry. In the image, the minimum pixel intensity
value was changed from 0 to 5, and the maximum portrayed pixel intensity value was
changed from 65535 to 700.

The live imaging frame also contains a labeled frame for capturing an image, shown
at the bottom of Fig. 4.5. The button for capturing an image takes the last copy of raw
data that the camera has captured and asks the user if they want to save the image. The

32



CHAPTER 4. RESULTS

program then asks the user if they want to use the positions of the motorized stages for
calibration of the camera step size. There is also a button for capturing an advanced
image where the user can select which image quality analysis tool they want to use. The
advanced image process and the image quality tools are described in Chapter 3.5.5. Here
the program moves the camera stage to the computer-calculated best position and asks
the user if they want to save the image and use the positions of the motorized stages for
calibration of the camera step size.

The next labeled frame is the frame for the motorized stages. The layout of the
motorized stages can be seen in Fig. 4.11. Here there are entry boxes for the sample
stage and the camera stage which moves the motorized stages. There is also a button
for using the current positions of the motorized stages for calibration of the camera
step size and showing calibration plots. If the user has saved at least two positions of
the motorized stages, the program can t a rst order plot to the measured positions.
Clicking the button for show calibration plots, opens a new window where the user can
see the plot and its equation. In Fig. 4.12, the calibration plot for the embryonic mouse
kidney can be seen. The gradient of the equation indicates the calibration coe cient for
the camera step size.

Figure 4.11: The labeled frame for control of the motorized stages. The user is also able
to save the positions of the motorized stages for calibration of the camera step size. The
frame also o er a button to show the calibration plots.
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Figure 4.12: The calibration plot of the camera step size. The embryonic mouse kidney
was used as a sample to acquire this plot. The sample was approximately 3 mm in size
so images were taken every 0.75 mm of the sample. For each position, the camera stage
was moved to the position with the best focus. Both manually moving the motorized
stages in the program and using the advanced imaging process were used to nd the best
positions for the camera. The calibration coe cient of the camera step size can be seen
in the equation of the tted rst order plot of the measured positions as the gradient of

the curve, i.e. approximately 0.33.

In the labeled frame for the beam blocker, the user can toggle if the beam blocker
should be in the optical path and block the laser beam, or if the beam blocker should be
removed from the optical path allowing the laser to hit the sample. The labeled frame
can be observed in Fig. 4.13. When the user wants to remove the beam blocker, the
program presents a message box informing the user that the beam blocker is about to be
removed and that the user makes sure that no one can get hurt by the laser before they
can proceed. The message box can be seen in Fig. 4.14.
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Figure 4.13: Labeled frame for the beam blocker. The frame contains a button that
toggles the beam blocker. When the beam blocker is in the optical path of the laser, the
button shows that the current status of the beam blocker is that it is blocking, shown in
the upper part of the image. When the user clicks the button to remove the beam blocker
from the optical path, the user is presented with a message box shown in Fig. 4.14. If
the user clicks 'yes', the beam blocker is removed from the optical path, and the text on
the button that shows beam blocker status informs the user that the beam blocker is not
blocking the beam. This is shown in the lower part of the image.

Figure 4.14: Beam blocker message box that informs the user that the beam blocker is
about to be removed when the user has clicked the button for the beam blocker status
shown in the upper part of Fig. 4.13. The message box tells the user to wear safety
glasses and make sure that no one can get hurt by the laser. When the user is ready to
remove the beam blocker, the user can click "Yes' to proceed.

In the labeled frame for the laser, the user can select which wavelengths they want to
illuminate the sample with, their power, and if the laser should be on or o. The frame
can be observed in Fig. 4.15. The wavelengths the user can select are the wavelengths
provided by the Cobolt Skyra laser: 405, 488, 561, and 638 nm. The user can set the
power of the selected lasers in the entry box below the wavelength options. There is also
a button that shows the status of the laser. When the laser emission is o, the status of
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the laser is shown as 'OFF'. When the user want to turn on the laser emission, the user
is presented with a message box, shown in Fig. 4.16.

Figure 4.15: Labeled frame for the laser. The user can select active wavelengths by
clicking the boxes for the wavelength options. The power of the lasers can be set in the
entry box below and clicking the button for 'Set Power'. If the user want to turn on
the laser emission, the user can click the button shown in the bottom of the frame that
shows the laser status. In the image shown, the laser emission is already on, indicated as
a text "Laser Status: ON". When calibration mode is selected, the laser emission is o .
This is shown as "Laser Status: OFF". If the user has selected a wavelength and set the
power, the user can click the status button. The user is then presented with a message
box, shown in Fig. 4.16. If the user is ready to turn on the laser emission, the user can
click 'Yes' in the message box.
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Figure 4.16: Laser emission message box that informs the user that the laser emission is
about to be turned on when the user has clicked the button for the laser status shown in
Fig. 4.15. The message box tells the user to wear safety glasses and make sure that no
one can get hurt by the laser. When the user is ready to turn on the laser emission, the
user can click 'Yes' to proceed.

In the labeled frame for saving and exiting, the user can save the current live view as
an image, select directory for saving an image, and exit calibration mode. The labeled
frame can be seen in Fig. 4.17.

Figure 4.17: Labeled frame for saving images and exiting calibration mode.

4.1.2 Measurement mode

In measurement mode, the user is provided the options for a regular z-stack measurement
or if they want to perform a computer-aided z-stack of the sample. The window for
measurement mode can be seen in Fig. 4.18.
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Figure 4.18: The window for measurement mode where the user can perform a z-stack of
the sample.

In the labeled frame for regular measurement, the user can select the starting positions
of the sample and the camera stage, shown in Fig. 4.19. The user then enters the step
size, which is the distance between each image in the z-stack of the sample, and the
number of images for the z-stack. The user then enters the calibration coe cient of the
camera step size, which the user can obtain from calibration mode. Lastly, the user selects
the wavelengths they want to image the sample with and the power of the wavelengths.
If the user has entered all parameters correctly, the program performs a z-stack of the
sample. The program then informs the user that the laser emission is about to be turned
on in a message box similar to the message box shown in Fig. 4.16. If the user clicks
'Yes' in the message box, the z-stack is executed. The z-stack is executed by moving
the sample and the camera stage to their user-entered starting positions and capturing
an image before the stages move their user-entered or calibrated distances in an imaging
loop. When an image has been taken at each step of the imaging loop, the user can
perform further actions in the program.
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Figure 4.19: The labeled frame for regular measurement.

The user also has the option to perform a computer-assisted z-stack. The window
for the computer-assisted z-stack is shown in Fig. 4.20. Similar to regular measurement,
the user enters the starting positions for the motorized stages, the imaging step size of
the camera, the number of images, the calibration coe cient calculated in calibration
mode, and the laser settings. However, to start a computer-assisted z-stack, the
user must also select an image quality analysis tool. If the user then clicks to start
a computer-assisted z-stack imaging process, a z-stack is performed as described in
Measurement mode in Chapter 3.5.5. The user also has the option to perform the fast
version of the computer-assisted z-stack imaging process. To start the fast version of
the computer-assisted z-stack imaging process, the user has to enter a threshold in the
form of a percentage. If the image quality score of an image in the z-stack drops below
the percentage of the image quality score from the step before, the camera position is
calibrated as it is described in Measurement mode in Chapter 3.5.5.
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Figure 4.20: The labeled frame for measurement with image quality analysis.

In the bottom of the frame of the measurement mode window, there is a button
called "info" where the user can get information about the two types of measurements.
There is also a button for selecting saving directory of the z-stack and a button to exit
measurement mode. The button for selecting the saving directory is the same as presented
in calibration mode.

4.2 Image acquisition

Two light sources where used to successfully acquire images with the user interface: the
USB-connected PL201 with non-changeable 0.9 mW laser and 520 nm wavelength from
Thorlabs and the Cobolt Skyra laser from Cobolt. In Fig. 4.21, an image using the PL201
can be seen. The image was taken of the embryonic mouse kidney that was placed in the
bottom of a cuvette with a tapered square bottom. As seen in Fig. 4.21, this bottom
caused uneven light distribution which was an artifact. Therefore, a non-rounded cuvette
was to be considered. Additionally, the embryonic mouse kidney was considered too small
for imaging. The imaging object was therefore changed the mouse kidney piece. In Fig.
4.22, the mouse kidney piece can be observed in a cuvette with squared bottom. The
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images were gamma corrected with 0.7 and adjusted for optimal brightness and contrast
in Fiji to obtain images with as much details as possible. The results can be seen in Figs.
4.23 and 4.24

Figure 4.21: An image taken of the embryonic mouse kidney with the PL201 laser from
Thorlabs.
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Figure 4.22: An image taken of the mouse kidney piece with the Cobolt Skyra laser from
Cobolt. The image was captured with 561 nm wavelength and 10 mW intensity.
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Figure 4.23: An image taken of the embryonic mouse kidney with the PL201 laser from
Thorlabs. The image was processed in Fiji where gamma correction was set to 0.7 and
the brightness and contrast were adjusted for optimal detail resolution.
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Figure 4.24: An image taken of the mouse kidney piece with the Cobolt Skyra laser from
Cobolt. The image was captured with 561 nm wavelength and 10 mW intensity. The
image was processed in Fiji where gamma correction was set to 0.7 and the brightness
and contrast were adjusted for optimal detail resolution.

4.3 Obtaining a z-stack

The program was successful in obtaining a z-stack of a sample. The images in the z-stack
had high resolution throughout the z-stack using both the regular measurement and the
computer-assisted measurement method as described in Chapter 3.5.5. This means that
the method of using calibration mode to nd the starting positions for the sample and
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the camera stage and the calibration coe cient for the camera step size was lucrative.

To nd the calibration coe cient of the camera step size, images with great focus
had to be taken throughout the sample. Fig. 4.12 shows how the calibration coe cient
was decided for the embryonic mouse kidney where the motorized stages and the live
imaging were used to nd the starting position and the end position of the sample.
Images were then taken every 0.75 mm. To decide the best camera position for every
step, both manually moving the camera in the program and using the computer-assisted
image quality analysis tools were involved. The best camera position was rst decided
by manually moving the camera to the best position. Then the computer-assisted image
quality analysis process was used. This button produced a graph of the image quality
analysis score related to measured positions as mentioned in Chapter 3.5.5. An example of
this graph can be seen in Fig. 4.25 where the mouse kidney piece was imaged. Consulting
the graph, the manual control was once again used to select the camera position with the
best focus before the positions of the motorized stages were saved for calibration.
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Figure 4.25: The result of a computer-assisted image quality analysis process. The y-axis
displays the image quality analysis score, and the x-axis shows eleven measured positions
for the camera stage. The image quality analysis tool Laplacian variance was used to
produce this graph. The camera started at the position 16.9 mm since it was the best
camera position that could be found with the human eye. The program then analyzed
positions in a £0.4 mm interval and decided that the best position was approximately
17.029 mm. For this position, the best position of the camera stage was selected to be
17.03 mm and the camera was moved to this position. The positions of the sample and
the camera staged were saved for calibration of the camera step size coe cient.

Once the calibration coe cient of the camera step size had been calculated, the live
imaging and the motorized stages were used to nd the start position of the sample stage.
Due to di culty in nding the best camera start position in the beginning of the sample,
the calculated calibration coe cient was used to nd the starting position of the camera
stage.

When the starting positions of the motorized stages had been obtained and the
calibration coe cient of the camera step size had been calculated, a z-stack could be
acquired in measurement mode. Fig. 4.26 shows a conjoined planar image of two z-stacks
where the mouse kidney piece was imaged with a regular measurement with 405 nm and
561 nm, respectively. Fig. 4.27 shows the two images that were combined in Fig. 4.26
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separately.

Figure 4.26: Composite planar image of two z-stacks, where one z-stack was performed
with 405 nm as wavelength and one z-stack where the sample was being illuminated
with 561 nm as wavelength. The sample that was imaged was the mouse kidney piece.
The z-stacks were taken with regular measurement and with the exact same parameters
except for the wavelength. The z-stacks were taken with a sample stage step size of 25
m and a laser power of 10 mW. Since the sample was measured to be 4.5 mm long by
the motorized stages, 160 images had to be taken to capture the entire mouse kidney
piece. The image shown is image 80 out of 160, which depicts the center of mouse kidney
piece. The green shows the result for imaging with 405 nm as wavelength while red
demonstrates the result of 561 nm wavelength illumination. The image with 561 nm has
been adjusted by increasing the brightness. The two images that were conjoined into this
gure can be seen in Fig. 4.27. The image was analyzed and taken in Fiji.
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Figure 4.27: The two images that were conjoined in Fig. 4.26. The image on the left
shows the mouse kidney piece being illuminated with 561 nm wavelength. The image on
the right shows the mouse kidney piece illuminated with 405 nm wavelength. The two

images are taken at the exact same positions and settings with the only di erence being
the wavelength that the sample is being illuminated with. The images were analyzed and
taken in Fiji.

4.4 Image reconstruction

The conjoined z-stack that produced the image shown in Fig. 4.27 was used for image
reconstruction in the Python script connected to Napari, which was discussed in Chapter
3.5.6. Figs. 4.28 and 4.29 show the result for the image reconstruction of the z-stacks
captured of the mouse kidney piece in 405 nm and 561 nm. The plane that was added to
the viewer can be seen in Fig. 4.30. This plane can be seen in the image reconstructions
of the two z-stacks in Figs. 4.31 and 4.32. The two z-stacks were also combined in the
image reconstruction. Fig. 4.33 shows the combined image reconstruction and Fig. 4.34
shows the combined image reconstruction with the plane.
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Figure 4.28: The image reconstruction of the mouse kidney piece where a z-stack was
captured with 405 nm wavelength and intensity 10 mW. The image was captured in
Napatri.
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Figure 4.29: The image reconstruction of the mouse kidney piece where a z-stack was
captured with 561 nm wavelength and intensity 10 mW. The image was captured in
Napari.
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Figure 4.30: The plane that was added to the image reconstruction of the mouse kidney
piece where z-stacks were captured with 405 nm wavelength and 561 nm wavelength at
intensity 10 mW. The image was captured in Napatri.
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