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Resumo

Esta dissertacdo apresenta o desenvolvimento, a caracterizagcado e o debugging de um
microscopio de fluorescéncia por folha de luz (Light Sheet Fluorescence Microscope —
LSFM). Este trabalho foi desenvolvido na plataforma cientifica Advanced Light Micros-
copy (ALM) do i3S — Instituto de Investigacdo e Inovagdo em Saude. O principal objetivo
consistiu em expandir o software de controlo existente, melhorando a aquisicdo de ima-

gem, a avaliagdo do desempenho 6ptico e a rastreabilidade operacional do sistema.

Uma das principais contribui¢des consistiu na implementagdo de um modo de aquisi¢édo
confocal baseado na sincronizagao entre o varrimento do feixe de excitacdo e o modo de
leitura por rolling shutter da camara. Esta abordagem permite restringir a detecao pela
camara a regiao iluminada pela folha de luz, reduzindo a contribuigdo de fluorescéncia
fora de foco e melhorando o contraste em comparagao com o modo widefield baseado em
global shutter. A comparacgao experimental entre os dois modos, realizada em diferentes
amostras biologicas, demonstrou uma redugéo de luz proveniente dos planos fora de

foco e uma melhor definicao das diferentes de estruturas no modo confocal.

Foi também desenvolvido um modo de controlo de qualidade integrado no software. Este
permite caracterizar a folha de luz através do ajuste gaussiano de perfis de intensidade,
estimando parametros como a inclinagao do feixe, a posi¢cao de foco e a largura a meia
altura (FWHM) no foco. O sistema permite ainda gerar relatérios em PDF, ficheiros de
dados estruturados e imagens anotadas, fornecendo uma ferramenta pratica para alinha-
mento, monitorizacao e validagao rotineira do microscépio. Complementarmente, foram
realizados estudos de uniformidade de campo e de registo cromatico usando solugbes
fluorescentes homogéneas e beads fluorescentes multicolores, tendo sido identificadas

limitacdes associadas ao alinhamento éptico e a coincidéncia espacial entre canais.

Por fim, foi implementado um sistema de registo assincrono de eventos para apoiar a
depuracao e a manutencao do software. Este regista eventos de hardware, eventos de
software, erros de execugao e excegdes, permitindo reconstruir o estado do sistema du-
rante cada sess&o experimental. No seu conjunto, os desenvolvimentos apresentados
contribuem para um ambiente de controlo mais robusto, reprodutivel e orientado para o
utilizador, ao mesmo tempo que evidenciam a importancia do alinhamento 6ptico e da
monitorizagao sistematica no desempenho de microscépios de folha de luz personaliza-

dos.
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Abstract

This dissertation presents the development, characterisation and debugging of a custom
Light Sheet Fluorescence Microscope (LSFM). The work was carried out at the Advanced
Light Microscopy (ALM) scientific platform of i3S — Institute for Research and Innovation
in Health. The main objective was to expand the existing microscope-control software,
improving image acquisition, optical performance assessment and operational traceability

of the system.

One of the main contributions was the implementation of a confocal acquisition mode
based on the synchronisation between the excitation-beam scan and the camera rolling-
shutter readout mode. This approach restricts camera detection to the region illuminated
by the light sheet, reducing out-of-focus fluorescence contributions and improving image
contrast when compared with the widefield mode based on global shutter acquisition. Ex-
perimental comparison between the two modes, performed on different biological sam-
ples, showed reduced diffuse influence of out-of-focus and improved definition of local

structures in confocal mode.

A quality-control mode was also developed and integrated into the microscope software.
This mode enables light sheet characterisation through Gaussian fitting of intensity pro-
files, estimating parameters such as beam tilt, focus position and full width at half maxi-
mum (FWHM) at the focus. The system can also generate PDF reports, structured data
files and annotated images, providing a practical tool for routine microscope alignment,
monitoring and validation. In addition, field-uniformity and chromatic co-registration stud-
ies were performed using homogeneous fluorescent solutions and multicolour fluorescent
beads, revealing limitations associated with optical alignment and spatial coincidence be-

tween channels.

Finally, an asynchronous event-logging system was implemented to support software de-
bugging and maintenance. This system records hardware events, software events, run-
time errors and exceptions, allowing the system state to be reconstructed during each
experimental session. Overall, the developments presented in this dissertation contribute
to a more robust, reproducible and user-oriented control environment, while also high-
lighting the importance of optical alignment and systematic monitoring in the performance

of custom light sheet microscopes.
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Preface

This dissertation was developed within the context of the Master in Engineering Physics
at i3S — Institute for Research and Innovation in Health, specifically within the scientific
platform of Advanced Light Microscopy (ALM) [1]. The platform provides advanced imag-
ing services to researchers, supporting the acquisition of high-quality images of biological
samples and assisting with subsequent image processing and analysis. It addresses a
wide range of experimental requirements by offering technical expertise and access to

state-of-the-art optical microscopy equipment.

The work was carried out with the objective of improving the microscope-control soft-
ware and evaluating its impact on system operation, image acquisition, and optical perfor-
mance. The project combines software development, optical characterisation, and exper-
imental validation. In particular, it addresses the implementation of a confocal acquisition
mode based on rolling-shutter synchronisation, the development of a dedicated quality-
control workflow for light sheet characterisation, and the implementation of a logging sys-
tem for debugging and operational traceability. These developments were motivated by
the need to improve microscope usability, reproducibility, and robustness in a complex

system composed of multiple hardware devices and software modules.

The dissertation is organised as follows. Chapter 1 introduces the relevant background on
fluorescence microscopy, light sheet fluorescence microscopy, detection strategies, cus-
tom microscope-control software, and quality-control procedures. Chapter 2 describes
the ALM microscope design, including its optical layout, hardware components, and soft-
ware architecture. Chapter 3 presents the implementation of the rolling-shutter confocal
acquisition mode and compares its performance with Widefield acquisition. Chapter 4
describes the quality-control tools developed for beam characterisation, field-uniformity
analysis, and bead-based assessment. Chapter 5 presents the logging system imple-
mented for microscope debugging. Finally, Chapter 6 summarises the main conclusions

and outlines possible future improvements.

Overall, this work aims to contribute to a more reliable, traceable, and user-oriented con-
trol environment for the ALM light sheet microscope, while also providing tools to support

routine system evaluation and future optimisation.
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1. Background and State of the Art

1.1. Fluorescence in Microscopy

Since its introduction to biological research in the twentieth century, fluorescence has re-
shaped optical microscopy and has become a widely used technique in biotechnology.
The ability to localise and quantify specific molecular species at the intracellular level
renders fluorescence indispensable for modern imaging. Continued advances in fluo-
rophore chemistry, alongside increasingly sophisticated strategies for imaging live and
fixed specimens, have further consolidated the technique. A quantitative understanding
of its photophysical basis is therefore essential to interpret performance limits in fluores-

cence imaging [2, 3].

1.1.1 Principles of Fluorescence

The phenomenon of fluorescence was first described by Sir George Gabriel Stokes in
1852, in his work "On The Change of Refrangibility of Light” [4, 5]. In modern terms,
fluorescence is a form of photoluminescence, i.e. the emission of light from electronically

excited states [3, 5].

Certain molecular species, hereafter referred to as fluorophores (see Subsection 1.1.2),
absorbing light of certain wavelength and subsequently emit photons at longer wave-
lengths [6]. The emitted photons, therefore, have lower energy than the absorbed, and
emission typically occurs within a few nanoseconds of excitation [7]. This difference be-
tween the absorption and emission wavelengths, as illustrated in Figure 1.1a, is known
as the Stokes shift [3-5, 8]. This red-shift is consistent with Planck’s relation (Eq. 1.1),
which states that photon energy is inversely proportional to wavelength [9]. In practice,
the Stokes shift primarily arises from rapid non-radiative relaxation (vibrational relaxation
and internal conversion) to the lowest vibrational level of the excited state before photon

emission [3, 5].

he
E—x (1.1)

Fluorescence can also be interpreted using a Jablonski diagram, as shown in Figure 1.1b,
which summarises radiative and non-radiative transitions between electronic states of a

fluorophore [5].
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FIGURE 1.1: Stokes shift representation (left) and Jablonski diagram (right). Upon
excitation, molecules transition from the ground singlet state (Sg) to an excited singlet
state (S7), followed by relaxation and fluorescence emission with photon energy
corresponding to the S1—Sp gap (Eq. 1.1) [5, 11]. Non-radiative processes such as
intersystem crossing to the triplet state (T;) may also occur, leading to phosphorescence
on longer timescales. Triplet-state population contributes to photobleaching and
phototoxicity, while quenching processes reduce fluorescence intensity or lifetime.[3, 5]

1.1.2 Fluorophores and Fluorescent Probes

A fluorophore is a molecule that can absorb and emit photons, that is, a molecule that ex-
hibits fluorescence [6]. Thousands of fluorescent probes have been developed to label or
sense specific biological targets and micro-environments, enabling highly selective imag-
ing in complex specimens [3]. In microscopy, fluorophores used for generating image

contrast can be broadly categorised as intrinsic or extrinsic [5].

Intrinsic fluorophores are naturally occurring molecular species within the specimen that
emit fluorescence, giving rise to sample autofluorescence [3]. Aromatic amino acids,
NADH, flavins, derivates of pyridoxyl and chlorophyll are common examples. In con-
trast, extrinsic fluorophores are added to the sample to provide fluorescence where none
is present, or to change the spectral properties of the sample. Representative extrinsic

fluorophores include quinine, fluorescein, and rhodamine [5].

To obtain high-quality images of a fluorophore in microscope, it is important to consider
its excitation/absorption and emission spectra, which determine the compatibility between
the chosen excitation line and the available optical filters [3, 7]. Figure 1.1a illustrates the
Stokes shift between absorption and emission. In general, greater spectral separation
facilitates rejection of the typically much brighter excitation light, whereas spectral over-

lap between fluorophores can lead to signal interference and inter-channel crosstalk in
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multicolour imaging [3]. In this context, practical performance is often characterised using

brightness and photostability metrics.

The fluorophore brightness (By) is a convenient proxy for signal intensity. Brightness is
typically approximated by € x ® [12], where € is the molar extinction (absorption) coef-
ficient at the excitation wavelength, which relates the amount of light absorbed to the
fluorophore concentration in solution, and @ is the fluorescence quantum yield, defined
as the ratio of the number of emitted photons to the number of absorbed photons. Photo-
stability and susceptibility to photobleaching, the irreversible destruction of a fluorophore
caused by prolonged or intense exposure to excitation light, impose practical limits on
achievable acquisition duration and frame rate, particularly in time-lapse and volumetric

imaging [3, 5].

In practice, fluorophore selection involves balancing signal generation against light-induced
damage. Higher excitation irradiance can improve signal, but accelerates photobleach-
ing and may exacerbate phototoxicity in live specimens [3, 7].Some fluorophores, such as
synthetic dyes (e.g. fluorescein,rhodamine and Alexa Fluor dyes), exhibit high brightness
and can tolerate relatively high excitation intensities. In contrast, fluorescent proteins of-
fer greater experimental flexibility, as they can be genetically encoded to enable selective
targeting of specific regions or structures within the specimen. However fluorescent pro-
teins have their own set of problems like how they react to light and how they overlap
with other light [3]. Finally, red-shifted fluorophores can reduce background from autoflu-
orescence and scattering in thicker samples, provided that filters and detector response

remain compatible with the selected spectral window [3, 7].

1.1.3 Fluorescence in Biological Research

In biological research, fluorescence has become increasingly important owing to its ability
to provide specific contrast in samples through selective labelling of structures. Fluores-
cence microscopy can achieve high levels of sensitivity and supports multicolour imaging

by combining fluorophores with distinct spectral signatures [3, 7].

Immunofluorescence is one of the most widely used biological techniques for fluores-
cence microscopy. To visualise a cell or tissue of interest, the specimen is labelled with
an antibody conjugated to a fluorophore, either directly or through the use of a secondary
antibody. In direct labelling, the primary antibody is conjugated directly to the fluorophore,

while in indirect labelling, an unconjugated primary antibody is first applied, followed by
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a fluorophore-conjugated secondary antibody that recognises and binds to it (see Ap-

pendix A).

Beyond immunofluorescence in fixed samples, fluorescence is also used in live spec-
imens through fluorescent proteins and synthetic probes. Fluorescent proteins enable
direct fusion to proteins of interest, providing cell-type and subcellular targeting, whereas
synthetic probes can be engineered either for localisation or for sensing micro-environmental

parameters such as pH or ion concentrations [3, 7].

The choice between live and fixed-sample imaging reflects a trade-off between physi-
ological relevance and experimental controllability. Fixed specimens provide structural
stability, reduce motion artefacts, and allow extensive sample preparation (including long
acquisitions and, when necessary, optical clearing), but they necessarily sacrifice dynamic
information. Live imaging enables the observation of biological processes in real time;
however, it introduces additional constraints related to photobleaching, phototoxicity, and
the need to maintain physiological conditions throughout the acquisition [3, 7]. Conse-
quently, experimental planning often hinges on managing the available photon budget:
increasing the excitation dose can improve signal, but it typically accelerates bleaching
and may compromise specimen viability, especially when speaking about live imaging

3, 7].

Biological specimens also impose optical limitations that affect image quality and quan-
titative interpretation. Thick samples are challenging for the majority of the microscopy
techniques. These samples generate substantial out-of-focus light, and absorb, and scat-
ter light, which can lead to the redistribution of emitted photons such that fluorescence ap-
pears displaced from its true origin, thereby degrading contrast. Endogenous molecular
autofluorescence can further elevate background noise and contribute to spectral inter-
ference, particularly in multicolour experiments, emphasising the need for careful spec-
tral selection and background control [3, 6]. This motivates the use of optical-sectioning
approaches that reject, or do not lead to the formation of out-of-focus light, resulting in
images with improved contrast [3]. Optical sectioning can be achieved using confocal

microscopy, multiphoton microscopy, and light sheet microscopy [13].

Confocal microscopy achieves optical sectioning by using a pinhole aperture to reject

out-of-focus light, enabling the acquisition of thin optical sections and the reconstruction
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of three-dimensional structures with improved contrast and resolution compared to wide-
field fluorescence microscopy. Two main implementations are widely used: Laser Scan-
ning Confocal Microscopy (LSCM) and Spinning Disk Confocal Microscopy (SDCM). In
LSCM, a focused laser beam scans the sample point by point (which makes the process of
image acquisition slow) with emitted fluorescence detected through the pinhole, offering
high spatial resolution, flexible spectral configuration, and compatibility with a wide range
of fluorophores. SDCM uses a rotating disk containing multiple pinholes arranged in a
spiral pattern, allowing simultaneous illumination and detection of many points across the
sample, which greatly increases imaging speed and reduces photobleaching and photo-
toxicity. However, this parallelised acquisition comes at the cost of a moderate reduction
in spatial resolution and optical sectioning efficiency, as well as reduced performance in
thick or highly scattering samples due to cross-talk between pinholes [14]. Therefore,
while LSCM is better suited for high-resolution imaging of fixed samples or slower biologi-
cal processes, SDCM is the preferred choice for live-cell imaging and the capture of rapid

dynamic events where speed and sample preservation are the primary concerns.

In multiphoton microscopy, near-infrared wavelengths provide deeper tissue penetration
and reduced scattering, making it the method of choice for imaging thick tissues and in vivo
preparations. The simultaneous absorption of two or more photons confines excitation
intrinsically to the focal plane, and so there is no out-of-focus formation, photobleaching,
or phototoxicity [15]. However, the technique requires costly pulsed infrared laser sources

and offers lower imaging speed, as it depends on scanning the sample point by point.

1.2. Light Sheet Fluorescence Microscopy (LSFM)

Light Sheet Fluorescence Microscopy (LSFM) is a general name for a constantly growing
family of planar illumination techniques. It traces its origins to ultramicroscopy in the early
twentieth century, where planar side illumination was used to visualise individual particles
[16]. The first widely cited implementation combining plane illumination with fluorescence
for three-dimensional imaging of macroscopic biological specimens was introduced in
1993, when Voie, Burns and Spelman applied orthogonal plane fluorescence optical sec-
tioning of an intact excised guinea-pig cochlea [17, 18]. In 2004, Huisken et al. introduced
Selective Plane lllumination Microscopy (SPIM), combining planar side illumination with
orthogonal wide-field (camera-based) detection to enable fast optical sectioning for in vivo

imaging of developing embryos [16, 18, 19].
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1.2.1 Principles of LSFM

LSFM consists of illuminating the sample with a thin sheet of light, usually referred to as a
Light Sheet (LS), but only in the portion of the sample being imaged [20]. The LS is formed
by laser light either shaped into a hyperbolic "sheet” of illumination, or approximated by
scanning a weakly focused low Numerical Aperture (NA) beam in the lateral directions.
A key feature of this technique is that illumination and detection are performed along
different optical axes, which are typically arranged orthogonally (Figure 1.2) to maximise

detection efficiency while minimising out-of-focus fluorescence [16].

FIGURE 1.2: Schematic illustration of LSFM. The illumination beam is shown in blue,
and the detection axis is indicated by the green arrow (from Ref. [21]).

The main benefits of LSFM arise from the fact that excitation is largely confined to the
focal region, thereby avoiding unnecessary out-of-focus excitation that would otherwise
generate background fluorescence and degrade the quality of the in-focus signal. Con-
sequently, LSFM can typically operate with lower excitation irradiance while using planar
illumination to improve the Signal to Noise Ratio (SNR) with minimal exposure of the
specimen. Scanning the LS or translating the specimen along the axial direction then en-
ables rapid and minimally invasive three-dimensional imaging, resulting in reduced pho-

tobleaching and phototoxicity [16, 21, 22].

Despite these advantages, LSFM can be difficult to implement, mainly because of the diffi-
culty of sample mounting and preparation, and the need for two or more objectives, which
hinders the beam alignment process [16]. In scattering or absorbing samples, shading
may occur, and the achievable sectioning is limited by the balance between the thickness
of the light sheet and the usable Field of View (FOV) [21, 22]. These limitations can be

overcome with some illumination and detection strategies such as those in section 1.3.
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1.2.2 Light-Sheet Beam Formation and Characterization

The most important aspect of the LSFM technique is the light sheet (LS) itself. The LS
can be formed from a static planar sheet, as in the original SPIM technique, or from the
scanning beam over time. It is important to know that creating a perfect planar LS is

impossible, it can only be approximated over a given range [16].

Excitation .
Lens
Ezr E';.L_‘x
D ...........................................................................................
Collection— & i
Lens :

FIGURE 1.3: lllustration of the Gaussian beam (Adapted from Ref. [20]).

When the beam propagates along the x-axis, a Gaussian profile is formed in the yz-
plane. As shown in Figure 1.3, the beam waist w varies along the propagation direction
and follows Eq. 1.2, where w(x) denotes the 1/¢? beam radius of the Gaussian intensity

profile in the transverse plane [23].

w (x) = wor |1+ <x>2 (1.2)

ZR

In Eq. 1.2, wy denotes the beam waist at focus, corresponding to the radius of the most
tightly confined region of the LS. This quantity can be estimated using Egs. 1.3 and 1.4 for
large x [16, 24], where f is the focal length of the illumination optics, A is the wavelength
in medium, and Dy, is the effective aperture diameter (diaphragm) of the illumination

optics.

_14fA
4Dlens

(1.3)
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A
0~ — <= ~— 1.4
TTWo “o 0 (1.4)
In addition, Eq. 1.2 includes zg, the Rayleigh length (see Eq. 1.5), which characterises
the propagation distance over which the beam remains approximately collimated. It is
commonly defined as the distance from the waist at which the beam radius increases by

a factor of /2 [23, 25].

ZR = —— (15)

Of particular interest is the confocal parameter b of a LS, which specifies the distance
along the propagation direction over which the sheet can be regarded as providing an
approximately homogeneous planar illumination. Within this range, the sheet thickness
is minimal at the beam waist and increases towards either end of the confocal parameter
[16]. The confocal parameter therefore sets the maximum usable extent of the LS along

the propagation direction and is defined by Eq. 1.6.

2
b =225 = ZL;"O (1.6)

This equation refers to the propagation of light in a medium with refractive index n. The

confocal parameter is also given by Eq. 1.7, where A is the wavelength in vacuum/air
A
(r=2).

2 2
by = 40y (1.7)
Ao

In practice, the LS thickness is not usually reported as 2wy, as illustrated in Figure 1.2.
Instead, the thickness is typically quantified using the Full Width at Half Maximum (FWHM)
of the beam intensity profile at the focus (see Eq. 1.8) [26].

tFWHM = \/211’12‘&)0 (18)

In addition, it is important to know the image FOV, which can be approximated by Eq. 1.9
[20]. Thus, decreasing wy improves axial sectioning but reduces zi and therefore shortens

the usable FOV.
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FOV = 2z (1.9)

It is also important to have an approximate relation for the axial resolution of the final
image. This relation is given by Eq. 1.10 [20], where Dy, is the diameter of the illumina-
tion objective and NA is the numerical aperture of the illumination optics. This expression
indicates that increasing the illumination NA leads to a smaller beam waist (wg) and a
shorter Rayleigh length (zg). Consequently, a lower illumination NA yields a thicker light
sheet but increases its usable axial extent (i.e. a longer propagation-invariant region) of
the LS.

41 nA
Raxial = 2wy = f

= D 27NA (1.10)

Depending on the LSFM architecture employed (Subsection 1.2.3) and the illumination
strategy adopted (Subsection 1.3.1), different beam types may be used or engineered to
illuminate the specimen, including Gaussian, Bessel, lattice, and Airy beams. The choice
of beam type —and, consequently, the illumination strategy, —is motivated by the specific

beam characteristics relevant to each application, as summarised in Table 1.1.

TaBLE 1.1: Qualitative comparison of light sheet beam types.[16, 27-31]

Beam Type Usable FOV §heet Back.gro.und Beam Format
Thickness excitation
. C Minimum at Low out-of-plane
. lefrgctlon limited; waist; thickens excitation; FOV
Gaussian thin sheet = . e :
with limited for very thin
smaller FOV. .
propagation. sheets.

Extended range High background

Bessel (quasi-invariant Very thin due to side lobes
9 central lobe. (photodamage
core). :
risk).
- Lower background
Lattice Extended effective im Urlot:/e;tglg;(ial than Bessel
FOV provea (side-lobe
sectioning. .
suppression).
Asymmetric

Extended FOV vs
Gaussian;
supports

high-throughput.

profile; effective | Moderate; tails can
confinement add background
over a longer unless handled.

range.

Airy
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1.2.3 LSFM Architectures

As mentioned at the beginning of Section 1.2, LSFM is a family of microscopy archi-
tectures based on the general principle of excitation/illumination of the sample along a
distinct axis, usually orthogonal to detection. Over the development of LSFM techniques,
multiple architectures have emerged to improve image quality by modifying the arrange-
ment of objectives, the strategy used to generate the LS, the acquisition scheme, and the
robustness to scattering and shadowing artefacts. Therefore, there are different architec-
tures such as Selective Plane lllumination Microscopy (SPIM), mSPIM (multi-view SPIM),

Digital Scanned Light Sheet (DSLM), and Lattice Light Sheet Microscopy (LLSM).

In the SPIM architecture, the LS is generated statically, typically from a cylindrical lens,
and the fluorescence is collected orthogonally by camera detection. This parallel cam-
era acquisition favours high volumetric speed. This architecture is susceptible to shad-
ows/stripes in dispersive media due to the reduced angular diversity of the illumination.
The uniformity of the illumination tends to depend on the sample. Beam alignment tends
to be robust between the arms, and the mounting can be restrictive, requiring lateral ac-

cess and specific mounts (like capillaries, agarose, specific supports) [20, 22].

In mSPIM, the LS is pivoted within the illumination plane, providing multi-directional illumi-
nation. This can improve illumination uniformity and reduce shadowing artefacts through
temporal averaging. However, the rotation within the illumination plane must be fast rel-
ative to the camera integration (exposure) time, which increases system complexity and
makes calibration more demanding. Sample mounting constraints are broadly similar to

those of SPIM [32].

DSLM differs from SPIM primarily in that the LS is generated by scanning a focused beam,
which can improve illumination uniformity and mitigate shadowing, particularly when com-
bined with a rolling-shutter readout (see Subsection 1.3.2). The achievable volumetric
imaging speed depends on the scan rate, the exposure time, and the camera readout.
Sample mounting is similar to the preceding architectures, but optical alignment is more
complex, mainly due to the need for precise synchronisation between the scanner, the
laser, and the camera [20, 22, 32].

LLSM employs lattice illumination to achieve high-quality optical sectioning and strong
spatiotemporal performance, making it well-suited to high-speed volumetric live imag-

ing with good illumination uniformity. However, LLSM is more difficult to calibrate and is



FCUP|FEUP | 12
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

more sensitive to misalignment. Sample mounting is generally most favourable for small
volumes and single-cell preparations. Applications of LLSM include the study of phago-

cytosis and other rapid three-dimensional dynamics [22, 33].

1.3. lllumination and Detection Strategies in Light-Sheet Microscopy
1.3.1 lllumination Strategies

The LSFM architectures available (Subsection 1.2.3) strongly influence the final image
quality and are therefore closely linked to the choice of illumination strategy. Selecting
an appropriate illumination approach requires considering how well it controls excitation
uniformity, its robustness to shadowing, its penetration depth in the specimen, the pho-
todamage associated with out-of-plane excitation, and its instrumental complexity. The
most common illumination strategies are closely associated with the underlying beam type
(see Table 1.1), including Gaussian beams (static and scanned), dual-sided illumination,

Bessel beams, and lattice illumination.

The simplest way to generate a LS is to shape a Gaussian beam into a quasi-planar illu-
mination using a cylindrical lens, an approach that is common in SPIM. Once aligned, this
configuration tends to be mechanically and optically stable, and is therefore comparatively
less complex. However, it is important to note that a thinner LS improves axial sectioning
but reduces the usable FOV [20]. Moreover, because the sheet is static, the angular diver-
sity of illumination is limited, making the system more susceptible to shadowing artefacts,

which can degrade illumination uniformity and image contrast [20, 22].

In addition to using a static Gaussian beam, the same beam type can also be implemented
in a scanned configuration, as mentioned for DSLM in Subsection 1.2.3. Scanning pro-
motes temporal averaging of the illumination, improving uniformity and reducing shad-
owing artefacts, particularly when combined with appropriate camera readout strategies
(see Subsection 1.3.2). This approach, however, increases system complexity because

it requires stable synchronisation between the scan and detection process [20, 32].

In these cases, illumination can be implemented in a dual-sided configuration. This strat-
egy reduces shadowing by illuminating the specimen from two opposing directions, which
tends to improve uniformity and to mitigate dark regions associated with attenuation-
induced shadows. The main trade-off is increased system complexity, since alignment
becomes more demanding and power balancing becomes important to avoid an unnec-

essary increase in the total excitation dose [20].
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Beyond strategies based on Gaussian beams, Bessel can also be employed. As indi-
cated in Table 1.1, a Bessel beam exhibits a central lobe that remains approximately
propagation-invariant over longer distances, with an effective waist comparable to that
of a Gaussian beam. Bessel beams are also attractive because they exhibit partial self-
reconstruction, which increases robustness to shadowing and can improve penetration
in scattering specimens. However, the presence of significant side lobes can excite flu-
orophores outside the focal plane, thereby increasing background signal and raising the

risk of photodamage [20].

As already mentioned in subsection 1.2.3 and in Table 1.1, lattice illumination can be
used. This type of illumination achieves higher optical section quality and spatio-temporal
performance, reducing out-of-plane excitation. In practice, it is effective for fast volumetric
live imaging. However, this strategy is more complex in terms of calibration and alignment

stability, making it more demanding to implement [20, 29].

Alongside selecting an appropriate illumination strategy, combining it with a robust detec-
tion (see Subsection 1.3.2) ensures that a high-quality image of the sample is obtained

for analysis.

1.3.2 Detection Strategies

As mentioned in subsection 1.3.1, choosing the best detection strategy in LSFM is just
as important as choosing the illumination. As is known, the final quality of an image
depends on the photons that contribute to its formation on the sensor, especially when
light is scattered, which can increase the background and reduce contrast. Signal-to-

Background Ratio (SBR) is a critical parameter in experimental performance [20, 32].

One detection strategy is to use the camera in a global shutter. That is, all the camera’s
pixels start and end integration simultaneously. This approach is operationally simple
and robust. With the camera in global shutter, fewer synchronization requirements are
needed, direct exposure times are used, and there are fewer time lags within the FOV
[34, 35]. However, all photons that hit the sensor during exposure contribute to the image
(see Figure 1.4a), tending to collect more background, penalizing SBR and limiting SNR

in background-dominated regimes [20, 32].

A powerful alternative is to operate the camera in rolling-shutter mode. In this mode, expo-
sure and readout occur line by line (see Figure 1.4b). In a DSLM-type LSFM system, the

LS is generated by scanning the beam; therefore, the beam position can be synchronised
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with the sensor’s active band. As a result, fluorescence originating from the illuminated
region is accepted, whereas scattered and out-of-focus contributions are rejected, effec-
tively acting as a “virtual pinhole” with a line geometry [32, 36]. It is important to note that
the slit (or active-band) width directly determines the amount of detected background.
Narrower slits provide stronger background rejection; however, they make the system
more sensitive to misalignment and synchronisation errors. Conversely, wider slits ad-
mit more background, but they increase throughput and overall robustness by reducing

sensitivity to small alignment deviations [35, 36].

The main practical consequence of using rolling shutter mode is the requirement to syn-
chronize the beam scanning with the rolling shutter kinematics and with the illumination
itself. This brings difficulties regarding the trigger and the calibration of the relative de-
lay between signals, which can introduce artefacts into the image that are not correct
[32, 36]. Furthermore, performance is limited by the sensor’s read speed and time per
line. In scenarios with fast dynamics or residual sample movement, rolling shutter can
introduce temporal distortions within the frame that do not occur in global shutter mode
[34, 35].

Sensor
Line

Sensor
Line

Time
hort exposure fi Time
A START Exposure A STOP Exposure STIoT exposure ime
Line 01-xy Line 01-xy 1. Image 2. Image
(A) Graphic of a global shutter.The (8) Graphic of a rolling shutter. The
exposure time begins and ends graph shows the stepped exposure of
simultaneously for all pixels. individual lines in the image.

FIGURE 1.4: Graphics of global shutter(left) and rolling shutter(right) exposure in time
(from Ref. [34]).

These detection capabilities place additional requirements on the control software and

hardware (see Section 1.4).
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1.4. Custom-Made Control Software for LSFM Systems

1.41 Existing Software

Over the years, and alongside the rapid growth of LSFM, new control methods have been
developed in response to the increasing reliance on multiple hardware devices and to
practical constraints related to inter-device synchronisation, real-time performance, data
scalability, and sample-specific adaptations. This demand for specialised software has
led to a diverse ecosystem of solutions, including commercial packages, open-source
platforms, vendor-provided software, and fully customised frameworks tailored to specific

experimental requirements.

Commercial platforms implement turnkey solutions that offer stable operation, high ro-
bustness, and complete integration between hardware and software. Representative ex-
amples include ZEISS ZEN [37], used in systems such as the ZEISS Lightsheet 7 [38] and
the ZEISS Lightsheet Z.1 [39]; the Leica LAS X platform used with the STELLARIS DLS
microscope [40]; and Nikon NIS-Elements [41]. These packages are commercial soft-
ware suites for data acquisition and workflow management, enabling hardware control
and multidimensional imaging. Despite their stability, such solutions often impose limita-
tions on low-level extensibility and are typically not compatible with hardware outside the

supported vendor ecosystem.

For these reasons, open-source tools provide more flexible and often more suitable alter-
natives for LSFM systems. uManager is a widely used platform for microscope hardware
control and automation. Depending on the availability of device drivers for the instrumen-
tation in use, Micro-Manager supports common acquisition modalities such as multichan-
nel imaging, z-stacks, and time-lapse experiments [42]. Another open-source platform
is OpenSPIM. It provides a modular framework for building configurable SPIM systems
that can be shared with the community, thereby lowering the barrier to entry and enabling
application-specific optimisation [43]. In the Python ecosystem, python-microscope en-
ables control of microscopy devices, geared towards complex systems with timing re-
quirements [44]. Finally, there is also Microscope-Cockpit , which features an extensi-
ble Python Graphical User Interface (GUI) for microscopes [45]. Despite this flexibility,
scanning and multi-view approaches require strict synchronization and more specialized

pipelines.

Manufacturers typically provide reliable access to device-specific functionalities, which

are indispensable in both commercial and open-source control environments. Typical
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examples are:

e Hamamatsu DCAM-API [46]
e Basler Pylon SDK [47]

e Coherent OBIS Remote/Laser Box [48]

The main limitation in these situations is that such systems often do not support the cus-
tom scanning and triggering sequences required by advanced LSFM implementations. In
such cases, it becomes necessary to develop fully customised control software, which can
be implemented in Python (e.g. using PyVISA, pylablib, PySide6, and napari), LabVIEW,
or C/C++. These bespoke architectures enable more precise synchronisation, tighter co-
ordination across devices, and integrated acquisition—processing—visualisation pipelines

with real-time feedback.

1.4.2 Requirements for Custom LSFM Control

LSFM integrates multiple hardware devices, including cameras, beam-scanning units (in
DSLM implementations), motion stages, and lasers. Their operation must be coordinated,
requiring precise timing as well as efficient data-flow management. Consequently, the
control software must be designed to maximise system performance to obtain the highest-

quality images.

One of the key requirements for an LSFM to operate reliably is precise synchronisation
between acquisition and control events, such as laser on/off modulation, beam scan-
ning, stage motion, and camera exposure/triggering. In practice, this entails orchestrating
TTL/clock signals and well-defined relative delays in a reproducible manner, minimising

jitter and ensuring temporal co-registration between illumination and detection [49].

Custom control must support real-time acquisition without frame loss. In practice, this re-
quires a non-blocking multi-threaded architecture, buffers to control software RAM usage,

and asynchronous writing to prevent continuous loops [49].

Furthermore, it is important that the data be interpretable and that there is operational
logging that records laser power, detection and movement parameters, timestamps, and
device states, as well as error events. So, the entire community working on microscopes

can track these errors with standardized metadata models [49].
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Finally, it is essential to monitor and document the LSFM system state. This includes
recording the protocols used, the versions of the control software and integrated drivers,
and the calibration procedures applied, because even small phase variations can degrade

image quality and introduce systematic errors.

1.4.3 Data Types in Acquisition

Data generated in LSFM are typically multidimensional, comprising spatial dimensions
(X, Y, Z) acquired through axial scanning. For dynamic acquisitions, it is common to
additionally record time points (¢), spectral channels (c), and tiled fields of view to cover
larger sample areas. The bit depth (e.g. 8, 12/16 bits) and the effective acquisition dimen-
sions (ROI, number of planes N,, channels N., and time points N;) directly determine the

sustained data rate and the total data volume per experiment.

The way in which data are serialised and accompanied by metadata directly impacts porta-
bility, provenance preservation, and read/write performance. There are several file for-
mats commonly used to store this type of bioimaging data. OME-TIFF [50], HDF5 [51],
and the OME-NGFF/OME-Zarr ecosystem [52] represent different approaches to storing
LSFM datasets in biological imaging.

However, the dimensions and formats chosen for storing the data can lead to storage
problems, requiring compression strategies and naming and organization conventions on
disk. Therefore, itis recommended that each acquisition be self-describing with determin-
istic names based on indexes in folders consistent with robust metadata storage, reducing

copying problems and facilitating pipeline automation.

1.5. Quality Control

In microscopy, the quality and reproducibility of its operation are essential. This is achieved
through Quality Control (QC) processes that monitor the instrument’s performance over
time, since subtle changes, such as misalignments and mechanical drifts, are natural and

introduce systematic biases in measurements.

In LSFM, QC is particularly relevant owing to the strong dependence on the illumination—
detection geometry. It is necessary to ensure proper alignment of the LS with the focal
plane, a well-characterised Point Spread Function (PSF) with adequate axial and lateral
resolution, and uniform illumination across the FOV. These factors directly influence image

contrast and SNR, and consequently the overall fidelity of the acquired data. In addition,
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stage drift and accurate spatial calibration (e.g. converting um to pixels and vice-versa)

are important for robust quantitative measurements [53, 54].

1.5.1 QC Tests

In LSFM, several tests are performed in QC processes, namely optics, detection, syn-

chronization and stability tests.

In the optics tests, the LS thickness is verified through the FWHM (Eq. 1.8), and the
variation of w(x) along the propagation direction is quantified (Eq. 1.2). In addition, the
usable extent of approximately homogeneous illumination is determined using zz and b
(Egs. 1.5 and 1.6). lllumination uniformity is assessed within the expected FOV to detect

misalignment or shading artefacts.

The detection tests focus on the imaging performance and detector characterisation.
The PSF is measured using fluorescent beads (see Subsection 1.5.2) to obtain axial and
lateral FWHM values. In parallel, the detector is characterised through offset maps, read

noise measurements, and hot-pixel maps.

The synchronization tests evaluate the temporal coordination between system compo-
nents. Relative delays between TTL signals are measured and subsequently validated
through image-based tests. In addition, the rolling-shutter delay is adjusted to maximise

image contrast.

In the stability tests, it is verified the long-term robustness of the system. These include
confirming that the beams and the overall optical path remain properly aligned, as well as
ensuring the absence of stage drift and verifying that the commanded positions keep the

specimen within the FOV.

1.5.2 Sample to use in QC processes

During QC procedures, it is common to use different samples to evaluate distinct system
functionalities. Sub-resolution fluorescent beads (250-500 nm [55]) are used to assess
resolution by acquiring image stacks that allow estimation of the axial and lateral FWHM.
Fluorescent slides are used to measure spatial variations across the FOV and to quantify
illumination uniformity. Simple biological specimens can serve as end-to-end validation

samples, for example, to assess shadowing artefacts under realistic imaging conditions.
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1.5.3 Data Analysis in QC

During the QC process, it is common to acquire dedicated datasets, from which a QC
report can be generated containing tables, plots, and logs summarising the required met-
rics. For LSFM systems, such reports should include resolution measurements (e.g. axial
and lateral FWHM), illumination uniformity metrics over the measured FOV, and SNR es-

timates that can be used to fine-tune rolling-shutter synchronisation.
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2. ALM Microscope Design

The custom LSFM system available at ALM is based on the DSLM architecture and com-
prises a single illumination and two detection paths. This chapter presents the complete
architecture of the LSFM microscope, with particular emphasis on the hardware config-
uration, the optical layout, and the software framework developed to coordinate device

control, image acquisition, and user interaction.

2.1. Microscope Devices

The LSFM implementation at ALM relies on the integration of multiple hardware subsys-
tems responsible for beam activation and steering, mechanical sample positioning, filters
selection, and image detection. In a DSLM configuration, these subsystems must operate
in a coordinated manner, as the final image performance depends not only on the individ-

ual characteristics of each device but also on their temporal and functional compatibility.

2.1.1 Laser Box

The excitation system of the ALM LSFM is based on the Coherent OBIS LX/LS Laser Box
(Figure 2.1e) [56]. The current implementation includes four lasers: OBIS LX 405 nm
(Figure 2.1a) [57], OBIS LS 488 nm (Figure 2.1b) [58], OBIS LS 561 nm (Figure 2.1c) [59]
and OBIS LX 640 nm (Figure 2.1d) [60].

The lasers are operated over a power range from 1 mW to 100 mW and are controlled
via USB from the host computer. The OBIS platform supports both Continuous-wave
(CW) operation and external modulation, with analog (0-5 V') and digital (up to 150 MHz)

connections, although the available bandwidth depends on the specific model.

(A) OBIS LX 405 nm (8) OBIS LS 488 nm
(from Ref. [57]). (from Ref. [58]).
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(c) OBIS LS 561 nm (D) OBIS LX 640 nm () OBIS LX/LS Laser
(from Ref. [59]). (from Ref. [60]). Box (from Ref. [56]).

FIGURE 2.1: Laser devices in use at the ALM light sheet microscope.

The laser output is delivered in free space and is subsequently redirected through a set
of mirrors, including dichroics, towards the scanner. This multi-line excitation configura-
tion provides spectral flexibility for fluorescence imaging and enables software-controlled

integration with the remaining hardware subsystems.

2.1.2 Scanning Mirrors

Beam scanning is performed using a SCANcube 7 galvanometric scanner (Figure 2.2a)
[61] driven by a ScanLab RTC5 control board (Figure 2.2b) [62], which is directly con-

nected to the control computer’s motherboard via PCI Express.

(A) SCANcube 7

galvanometric
scanner (from (B8) ScanLab RTCS5 Control
Ref. [61]). Board (from Ref. [62]).

FIGURE 2.2: Galvanometric scanning system installed at the light sheet microscope
composed of a) SCANcube7 galvanometric scanner and a b) ScanLab RTC5 control
board.

This scanner-based configuration is responsible for dynamically controlling the angular

deflection of the excitation beam before reaching the illumination path, thereby enabling
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the generation of an approximately planar LS used for fluorescence excitation. The Scan-
Lab RTC5 board provides the control layer required to operate the galvanometric scanner
and integrate it into the timing architecture of the microscope. In practice, the scanning
parameters determine how the excitation beam is swept across the field of view and there-

fore influence the spatial extent and positioning of the generated LS.

2.1.3 Linear and Rotation Stages

Sample positioning in the ALM LSFM is achieved through a motorised stage subsystem
comprising X, Y, and Z translation axes together with a 6 rotation axis. The subsystem

comprises the following Physik Instrumente (PI) stages:

e Two Pl M-110.1DG1 stages provide motion in the XY plane with 5 mm x 5 mm
travel range (Figure 2.3a)[63];

e One PI M-112.1DG1 stage is used for axial Z motion with a 25 mm range (Fig-
ure 2.3b) [63];

e One Pl DT-34 rotation stage allows controlled reorientation of the sample about the
0 axis (Figure 2.3c) [64].

All stages are controlled with a Pl C-884.4DC motor controller (Figure 2.3d) [65] , which
connects to the computer via USB. Stage control is integrated into the microscope soft-
ware, which supports axis referencing routines to establish known reference positions,
absolute positioning, fine and coarse step motion, and real-time position updates. Colli-
sion avoidance logic is also implemented to ensure safe operation of the motorised axes,

with a 1 mm safety margin along the Z axis.

(A) PIM110.1DG1
mounted on top of another (8) PI M-112.1DG1(from
linear stage(from Ref. [63]). Ref. [63]).
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(c) PI DT-34(from (D) PI C-884.4DC(from
Ref. [64]). Ref. [65]).

FIGURE 2.3: Linear (a,b) and Rotation (c) stages installed on the light sheet microscope,
and the motion-controller (d).

This configuration enables controlled positioning of the sample with respect to the illumi-

nation and detection paths and is essential for the practical operation of the microscope.

2.1.4 Filter Wheels

Selection of spectral detection is performed using two motorised Zaber X-FWR-E filter
wheels (Figure 2.4) [66], one associated with each detection path. Communication with

the control computer is established via USB connection.

FIGURE 2.4: Zaber X-FWR-E filter wheel installed on the light sheet microscope (from
Ref. [66]).

The filter wheel subsystem is responsible for selecting the emission filter, which deter-
mines the fluorescence wavelength band transmitted to the camera sensor, thereby re-
jecting unwanted spectral contributions. Each wheel accommodates ten 25 mm filters
and supports switching times of 57 ms between adjacent positions, thereby impacting de-
lays during filter changes in multichannel acquisitions. Filter selection is integrated into
the microscope software and can be associated with the active excitation laser during

acquisition.
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The filters currently available in the ALM microscope and their spectral characteristics are

listed in Appendix B.

2.1.5 Cameras

Image detection in the ALM microscope is performed using two Hamamatsu ORCA-Flash4.0
V3 C13440-20CU sCMOS cameras (Figure 2.5) [67—69], one associated with each de-
tection path. This dual-camera configuration enables parallel image acquisition from the
two detection arms and constitutes the final stage of the optical detection chain. Both
cameras are connected to the control computer via a Camera Link interface, ensuring

high-throughput data transmission.

FIGURE 2.5: Hamamatsu ORCA-Flash4.0 V3 C13440-20CU camera used at the light
sheet microscope (adapted from Ref. [68, 69]).

Each camera provides a sensor format of 2048 x 2048 pixels with a pixel size of 6.5 ym x
6.5 um and an effective imaging area of 13.312 mm x 13.312 mm. This model also pro-
vides high quantum efficiency and full-resolution frame rates of up to 100 Hz, depending
on the selected readout interface and acquisition settings [68, 69]. These characteristics
make these cameras well-suited to LSFM applications, such as live-cell imaging and fast

volumetric acquisition.

The camera output can be configured in 16-bit, 12-bit, or 8-bit modes, thereby allowing
different intensity levels to be assigned to each pixel. A higher bit depth improves the dy-
namic range, enabling finer discrimination between intensity values. In addition, the cam-
era supports reduced-resolution 2 x 2 and 4 x 4 in-camera binning modes, i.e. the com-

bination of adjacent pixels through the summation of their values, which can improve the
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SNR at the expense of spatial resolution, as well as through cropped Region-of-Interest

(ROI) readouts [68, 69].

The ORCA-Flash4.0 V3 C13440-20CU supports internal and external triggering, making
it compatible with synchronised control. In the microscope control software, two exposure
modes are available: Global Shutter mode, in which the entire sensor is exposed simulta-
neously, and Light sheet mode, in which a rolling shutter is used and synchronisation with
beam scanning can be implemented. In the latter case, out-of-focus light contributions
can be reduced, thereby improving optical sectioning and image contrast. The opera-
tional implementation of the rolling-shutter mode and the corresponding widefield-style

acquisition mode is discussed in Chapter 3.

2.2. Full System Architecture

The hardware devices described in Section 2.1 form an integrated optical and controlled
system that enables fluorescence excitation, beam scanning, and image detection in a

coordinated manner.

FIGURE 2.6: Schematic illustration of the light sheet microscope architecture showing
the three main subsystems. The diagram presents the complete beam path up to the
sample (the chamber is not represented for clarity, although the sample would be
located at the position of the depicted light sheet (LS)) and the fluorescence emission
path to the cameras (adapted from Ref. [70]).
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In the ALM microscope, image formation results from the interaction between its different
subsystems. Conceptually, the system can be divided into three interdependent sub-
systems: the reflection optics system, located immediately after the laser outputs; the
illumination path system; and the dual detection paths, which include the sample region

where image acquisition takes place.

A complete schematic representation of the system is illustrated in Figure 2.6, while real

images of the complete system are provided in Appendix C.

2.2.1 Reflection Optics

The beam exits the laser box in free space and is directed through a set of steering
and dichroic mirrors. These optical elements are responsible for redirecting the beams
through the optical layout of the microscope and for combining the available excitation

wavelengths into a common optical path before they reach the scanner.

The main objective of this subsystem is to ensure that the beam enters the scanner input
aperture at a precise height of 7.4 cm above the optical table and propagates parallel to the
table surface. To achieve this, the laser beam is first directed towards a pair of broadband
dielectric mirrors: the first redirects the outgoing beam and lowers it to the required height,
whereas the second adjusts the propagation direction such that the beam remains parallel

to the optical table. This mirror pair is highlighted by the shaded region in Figure 2.6.

Following the initial mirrors, the beams are sequentially combined using a series of long-
pass dichroic mirrors, each reflecting its respective beam into the common beam path
while transmitting the others, thereby producing a single collinear optical path shared
by all lasers. This alignment strategy ensures that all excitation wavelengths reach the
scanner under the same geometric conditions, thereby preserving a common downstream

optical path for light sheet generation.

System alignment is critical, as any angular deviation or focal shift introduced at this stage
propagates through the illumination path and compromises light sheet formation and il-
lumination uniformity. Once combined into a single collinear path, the beam is delivered
to the scanning subsystem, where it is angularly deflected before entering the remaining

illumination optics.

To facilitate the alignment process, each mirror was positioned so as to redirect the beam

by 90°. Alignment was initiated with the 488 nm beam, which was used as the reference
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beam owing to its frequent use, and the remaining lasers were then aligned sequentially.
The beam height was adjusted to 7.4 cm by taking measurements at multiple points along
the optical path using a ruler and by confirming parallelism with the optical table. The
nominal 90° reflections were assessed using the optical table grid, and proper reflection
alignment was then confirmed by placing two reference plates on opposite sides of a hole
in the optical table and verifying that the beam passed between them. A third plate placed
further downstream was used to confirm continued propagation along the intended optical

path.

2.2.2 lllumination Path

After leaving the reflection optics, the combined excitation beam is delivered to the illumi-
nation path, whose function is to relay the collimated excitation beam and convert it into
a dynamically scanned light sheet that selectively illuminates the sample. First, the beam
reaches the scanner aperture, where it is deflected by a pair of orthogonally mounted gal-
vanometric mirrors. In this setup, each mirror independently controls one axis (Y and Z).
Only the Z-axis mirror is actuated to laterally scan the beam across the FOV, while the
Y-axis mirror remains fixed, thereby ensuring beam stability along the orthogonal axis.
As noted in Subsection 2.2.1, the beam reaches the scanner at a height of 7.4 cm. The
scanner’s original mechanical design does not match this height, and a custom scanner
holder is therefore used to position it appropriately, as illustrated in Figure 2.7, such that

the desired output height of 6.4 cm is obtained.

scanner holder

FIGURE 2.7: lllustration of the custom scanner holder (from Ref. [70]).

After leaving the scanner, the beam is directed towards the sample region through a mod-

ified illumination path, in which the Ronar 160 mm/532 nm f-theta lens previously used in
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the system [70] was replaced by a Thorlabs TTL200-A tube lens [71]. This modification
was introduced because the non-telecentricity of the f-theta lens prevented the beam from
exhibiting the approximately parallel displacement at the image plane required for proper
light sheet formation, particularly under rolling-shutter operation. As a result, the current
illumination path includes two tube lenses in sequence, hereafter referred to as TL1 and

TL2, as shown in Figure 2.8.

Manual Linear
Translation Stage

Objective

Tube lens 2 Tube lens 1

FIGURE 2.8: Schematic illustration of the illumination path of the light sheet microscope.
Motion of the Z-mirror produces angular displacements in the input beam, which are
subsequently corrected and focused at the back aperture of the objective by two tube
lenses, thereby forming a thin light sheet at the sample plane. TL1 is mounted on a
translation stage that allows adjustment of beam parallelism across the FOV (adapted
from Ref. [70]).

Ideally, the two-lens relay system should satisfy a symmetric spacing condition: the dis-
tance between the scanner and TL1 should be equal to the distance between TL2 and
the illumination objective, while the separation between TL1 and TL2 should correspond
to twice the working distance (2WD) of the tube lenses, which are identical. In practice,
however, the entrance pupil distance is defined over a range rather than as a fixed value
[71]. Therefore, the distances between TL1 and the scanner, and between TL2 and the
illumination objective, were adjusted experimentally in order to optimise the focus at the

sample plane.

In addition, to optimise beam behaviour, TL1 was mounted on a manual linear translation
stage, enabling fine adjustment of its position relative to the scanner and, consequently,
to TL2. This additional degree of freedom allowed correction of the effective tilt of the

scanned beam during scanner motion, thereby improving beam parallelism across the
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FOV. In practice, controlled deviations were intentionally introduced at this stage in order
to compensate for downstream spacing errors that could not otherwise be corrected. Al-
though such deviations would nominally represent alignment errors, their compensatory
effect improved the optical performance at the illumination objective and restored the de-

sired beam propagation in the sample region.

In addition to the translation stage, the optomechanical mount of TL1 provides a further
alignment degree of freedom, which is used to correct residual beam tilt and ensure that
the beam propagates correctly through TL1 and TL2, exhibiting the desired behaviour at

the sample plane.

After passing through TL1 and TL2, the scanned beam enters the illumination objective,
which focuses the excitation light onto the sample and enables light sheet generation.
TL2 and the objective are coupled within a 16 mm optical cage system that provides me-
chanical stability. The objective is mounted at the top of a translation optic mount, which
is used to centre the Gaussian beam within the camera FOV. As shown in Figure 2.9, the
system is mounted on an optical rail that allows alignment and adjustment during assem-
bly procedures performed on the microscope. When positioned on the rail, the optical axis
of the tube lens is located at a height of 6.4 cm above the optical table, thereby justifying
the scanner holder and the height values adopted throughout the previous stages of the

optical path.

Axis Translation Mount

Tube Lens

Objective

FIGURE 2.9: lllustration of the optical cage system installed on the light sheet
microscope (from Ref. [70]).
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2.2.3 Detection Path and Image Acquisition

After passing through the illumination path, the generated LS reaches the sample region.
The sample is positioned within an immersion chamber, which defines the physical inter-
face between the illumination and detection subsystems, as shown in Figure 2.10a. In
this region, the scanned light sheet intersects the sample, generating fluorescence that
is subsequently collected by the detection system. In this configuration, the definition of
a coordinate system for sample motion is critical for precise positioning. Accordingly, the
illumination plane generated by the scanner spans the XZ plane. The detection axis is
orthogonal to this plane; therefore, the acquisition direction lies along the Y axis. This con-
figuration justifies the use of the term Y-stack for volumetric data acquired by translating

the sample along the Y axis while capturing sequential planes (Figure 2.10b).

(A) Image showing the relative position of (B) llustration of the reference
the illumination and detection objectives to axis of the stage’s movement
the immersion chamber (from Ref. [70]). (from Ref. [70]).

FIGURE 2.10: Immersion chamber used on the light sheet microscope. In (a), the design
of the light sheet microscope is shown: single-sided illumination with two-sided
detection. Focus adjustment is achieved by translating the mount present on all
objectives. The chamber is sealed using Picodent TwinSil (cat. nb. 1300 1000). (b)
Representation of the three reference axes in relation to image acquisition.

The fluorescence emitted by the sample is collected through a detection path that follows a
standard infinity-corrected optical design. In this configuration, fluorescence emitted from
the illuminated focal plane is collected by the objective and transformed into a collimated
beam, with each object point corresponding to a specific propagation angle. The beam
then propagates through a TTL200-A tube lens [71], which refocuses the collimated beam
to form an image at the sensor plane. Accordingly, the sensor of the Hamamatsu ORCA-
Flash4.0 V3 C13440-20CU sCMOS camera (Subsection 2.1.5) is positioned at a distance

from the tube lens corresponding to its Working Distance (WD), thereby maximising image
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focus and resolution at the sensor. A schematic of this detection pathway is shown in
Figure 2.11.

This configuration is implemented in both detection arms, with a filter wheel (Subsec-

tion 2.1.4) positioned between the tube lens and the camera.

Camera’s
sensor position

FIGURE 2.11: Detection pathway implemented in the light sheet microscope.
Fluorescence emitted by the sample at the focal plane of the objective is collected and
converted into collimated rays, each propagating at a distinct angle. These rays are
then refocused by the tube lens to form a magnified image at its image plane, where the
camera sensor is positioned. The black dashed line represents the optical axis of the
system, while the red and green rays illustrate how angularly distinct rays originating
from the sample are directed by the lens to specific positions in the image (from

Ref. [70]).

As in the illumination path subsystem (Subsection 2.2.2), the objective and the tube lens
are mounted within a 16 mm optical cage system. Likewise, this assembly is positioned on
top of an optical rail to facilitate adjustments during microscope assembly. The objective
is also connected to an axial translation mount, allowing image focusing and centring of

the fluorescence emission within the FOV.

In terms of spatial resolution, the effective pixel size at the sample plane was experimen-
tally estimated to be approximately 0.66 um [70]. This value is in close agreement with the
expected theoretical value of 0.65 ym, taking into account the overall magnification of the
detection optical system, including an effective 10x scaling factor. The close correspon-
dence between measured and theoretical values confirms the accuracy of the system’s

spatial calibration.
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2.3. Software Architecture

The software architecture of the ALM LSFM provides a unified framework for hardware
control, image acquisition and visualisation, as well as quality-control and error-management
functionalities. The baseline implementation was developed by Sim&o Seixas in his work
[70], and the current version builds upon it through the introduction of new components de-
veloped in this work, which are marked with an asterisk in Figure 2.12. These components
include a mode switching function, which enables the system to switch between image
acquisition mode and quality-control mode; a logging system, which allows error detec-
tion and monitoring of software and hardware events (its implementation is described in
Chapter 5); a confocal acquisition mode synchronised with rolling shutter (described in
Chapter 3); and an integrated quality-control system for the LS beam (described in Chap-

ter 4). Full software code is available in Appendix G.1.

As shown in Figure 2.12, the software is organised into three main layers: the front-end
graphical user interface, the control logic layer, and the back-end hardware communica-
tion layer. The front-end exposes the available microscope functions to the user through
dedicated widgets, the control logic layer coordinates device behaviour and workflow

logic, and the back-end layer provides low-level communication with the physical devices.
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FIGURE 2.12: Overview of the current software architecture used to control the light
sheet microscope. The system is organised into a front-end graphical interface layer, a
control logic layer, and a back-end hardware communication layer. The scheme
highlights the software components introduced in this work with an asterisk (*), namely
the logger system, the confocal synchronisation module, and the quality-control
analysis and visualisation modules (adapted from Ref. [70]).
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2.3.1 Python as the selected Programming Language

The software was developed entirely in Python, which serves as the primary programming
language for hardware control, user-interface implementation, synchronisation between
system components, and error tracking. Python was selected owing to its flexibility, read-
ability, and extensive ecosystem of scientific libraries, together with packages tailored to
instrumentation and microscopy, thereby enabling communication between microscope
components, acquisition logic, image visualisation, quality-control analysis, system mon-
itoring and error logging to be integrated within a single software environment. Moreover,
its community-driven development model and widespread adoption within academia con-

tribute to its long-term maintainability and continued evolution.

This choice also supports the modular, layered software architecture shown in Figure 2.12,
in which the back-end for device communication, the control logic layer, and the front-end
are clearly separated. Within this framework, the front-end is implemented using napari
and PySide6. napari is used as the image viewer and is represented in blue in the figure,
whereas PySide6 is used to implement the GUI widgets. In the diagram, general-purpose
widgets are shown in green, the Acquisition Mode widgets are shown in pink, and the

Quality Control Mode widgets are shown in purple.

At the back-end layer, Python interfaces directly with the microscope hardware through
device-specific libraries. These include PyLabLib in combination with the DCAM-API for
camera control, Python Microscope for communication with the filter wheels, PyVISA for
laser control, DLLs accessed via ctypes for scanner communication, and Pl Python for
stage control. By isolating these dependencies within a dedicated hardware communi-
cation layer, the software architecture decouples device-specific communication from the

higher-level system logic.

This work introduced the implementation of an important logging system that spans the
entire software stack. As shown in Figure 2.12, data logging acts as a cross-cutting com-
ponent across the GUI, the control logic, and the hardware communication layers. Its pur-
pose is to record microscope component states, software events, acquisition and control
parameters, and error conditions in a consistent and traceable manner. This functionality
improves system robustness and facilitates both error debugging and the reproducibility
of microscope operation. In addition to the logger system, Python was also used in this
work to implement the mode switching function, the confocal synchronisation module, and

the quality-control workflow integrated into the software architecture.
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2.3.2 napari as Image Viewer

napariis an open-source image viewer developed in Python, designed for high-dimensional
microscopy data. Its live-image visualisation capabilities and support for multidimensional
datasets (organised into planes, channels, and time points) make it particularly well suited

to light sheet microscopy [72].

In the current implementation, napari is integrated directly into the graphical environment
and constitutes one layer of the software interface. The viewer provides visual feedback
during alignment, acquisition, and system validation, enabling the user to inspect the fo-
cus, FOV, signal intensity, and the image currently being acquired by the camera in real

time.

In addition, napari is integrated into the QC workflow, where QC overlays for focus and
light sheet alignment are displayed. Consequently, napari serves not only as a camera
image viewer, but also as an integral component of the software environment for the visual

and quantitative evaluation of microscope performance.

2.3.3 OME-Zarr for Image Storage

For the storage of acquired image data and associated metadata, the ALM software
adopts the OME-Zarr format. This format is particularly well suited to LS microscopy,
as it supports high-resolution multidimensional datasets together with structured meta-
data, enabling both image data and acquisition parameters to be stored within a unified
file organisation [52, 73—75]. It is readily accessible, for example, in Fiji [76], a widely

used image analysis platform, including among ALM users.

2.3.4 Users Interaction

Upon launching the software, the user is given the option to select a directory on the con-
trol computer in which all files generated during operation are to be stored. This selection

may be modified after proper initialisation of the software.

Once the initialisation of the different devices is complete, the full GUI in acquisition mode
is ready and displayed on screen, as shown in Figure 2.13. The GUI provides a unified
environment in which cameras, lasers, the scanner, the stage, filter wheels, and acquisi-
tion or control tools, depending on the selected mode, are arranged on the left-hand side

of the main window in dedicated widgets, while the napari image viewer occupies the
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right-hand side, forming a single integrated interface. A background thread continuously
monitors the camera buffers for new frames and forwards them to napari in real time, with

images from each camera assigned to separate layers within the viewer.

FIGURE 2.13: Main GUI of the custom-developed software, showing all control panels
for the acquisition mode and a real-time image of a light sheet beam from Camera 1.
The software provides control over each microscope device, including lasers, filters, the
scanner, stages, and cameras, as well as control of the operating modes (acquisition
mode and QC mode).

Akey contribution of this work is the introduction of the mode switching function, which en-
ables switching between Acquisition Mode and Quality Control Mode within the software
environment (Figure 2.14a). In Acquisition Mode (shown in Figure 2.13), the software
presents the Y-Stack Acquisition Widget, which allows the user to define stage motion
and time points, as well as the dedicated widgets for selection of hardware settings for
the camera, laser excitation, scanner operation, and filter wheel. Once the desired param-
eters are defined, the acquisition sequence is executed with real-time feedback provided

by napari, while acquisition progress is displayed in the corresponding control windows.

In addition to enabling acquisition in widefield mode, this work introduces a confocal
mode based on synchronisation between the scanner and the camera rolling shutter.
These modes can be selected within the corresponding camera widget, as shown in Fig-

ure 2.14b.

In Quality Control Mode, the acquisition widget is replaced by the QC panel (Figure 4.1b).
Through this panel, and the associated analysis modules described in Chapter 4, the
software evaluates beam quality in real time using overlays in napari image of the light

sheet position and focus, together with quantitative metrics such as beam angle and focus.
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In addition, the FWHM of the beam is computed and visualised in a Matplotlib graph,
with its value at focus also reported, and the possibility to generate and save a quality-
control report. This integration enables the execution of QC procedures directly within the

microscope software, without the need for external analysis tools.

File View layers Plugins

layer control

Frame Rate:

QualtyContl Mode 0 =D

Acquisitic = Crl+A Restart Camera 1
(A) Application Mode Manager, which (8) Camera operation modes for image
enables switching between Acquisition acquisition and real-time visualisation:
Mode and Quality Control Mode within the widefield and confocal modes.
software.

FIGURE 2.14: Overview of the different operating modes available in the software. (a)
The software offers two working modes: the Quality Control Mode and the Acquisition
Mode, selectable from the main tab on the napari window. (b) Switching between
Confocal Mode and Widefield Mode is done directly on the camera widget, in the
“camera mode” option.

Throughout software operation, the entire workflow is continuously logged, from device
communication to program termination. The log file is saved as a .txt file in the logs
directory within the user-selected output folder. This functionality enhances transparency
and traceability during operation by continuously recording hardware states, software
events, acquisition parameters, and error conditions, thereby supporting debugging, sys-

tem monitoring, and reproducible operation of the ALM microscope software.



FCUP|FEUP | 37
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

3. Rolling Shutter Implementation

In the software originally controlling the ALM microscope, a Global Shutter acquisition
configuration was set as default. In this implementation, the software already supported
coordinated hardware control, volumetric acquisition, and real-time image visualisation;
however, a synchronisation strategy between scanner motion and the camera rolling shut-
ter had not yet been implemented. This approach had already been identified in the pre-
vious work as a further development to be pursued, which ultimately motivated the work

presented in this chapter [70].

3.1. Global Shutter as Widefield Mode

As explained in Subsection 1.3.2, in Global Shutter mode the camera integrates the flu-
orescence signal over the entire sensor. There is no confinement of the detection region

to the instantaneous position of the light sheet.

From a software perspective, widefield mode is based on the detection by the camera
sensor of fluorescence generated by the light sheet, which is formed through continuous
scanning of the laser beam using the scanner’s galvanometric mirror. In the implementa-
tion previously developed [70], real-time visualisation of the camera image in this mode
is achieved through a repetitive vertical sweep of the beam across the camera FOV, from
top to bottom, while the camera continuously acquires images. In this configuration, the
scanner acts as the master thread, initiating the sweep, while the camera remains active
throughout the scanning cycle until its completion. The laser emission remains continu-
ously on during the entire scanning process and returns to its initial position at the end of

each cycle.

Following the modifications introduced in the illumination path described in Subsection 2.2.2,
an artefact became apparent in images acquired in widefield mode during real-time visu-
alisation outside acquisition sequences. This artefact, characterised by the presence of a
high-intensity band located at the top of the image, while the rest of the image showed a
homogeneous illumination, is shown in Figure 3.1a. The increased intensity observed in
the upper region indicates the presence of unwanted additional illumination in that portion

of the sensor during Global Shutter operation.
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Since the laser remained active not only during the forward scanning sweep that gener-
ates the LS, but also during the return motion of the mirror to its initial sweep position,
fluorescence was detected by the sensor outside the intended imaging phase, leading to
the accumulation of unwanted signal in the region corresponding to the beginning of the

sweep.

To eliminate this effect, the laser control logic was modified so that emission occurs exclu-
sively during the top-to-bottom sweep responsible for generating the LS. Consequently,
the laser is switched off during the return motion to the initial sweep position. This modifi-
cation ensures that laser emission is confined to the time interval during which the camera
is acquiring the image, thereby preventing the accumulation of signal outside the intended

LS trajectory.

The modifications to the scanning behaviour were implemented within the scanner con-
trol workflow, which executes continuous LS scanning through dedicated worker threads.
Laser control is handled through the RTC5 board operating in EXTernal DIGital, ensuring
that the excitation lasers are active only during the forward scanning phase responsible

for image formation.

It is important to note that, during real-time visualisation in Widefield mode outside acqui-
sition, an additional dwell period of 10 ms was introduced at the end of each scan. This
interval was sufficient to ensure that the laser was fully disabled before the scanner re-
turned to the top of the FOV. During this dwell, the laser remains switched off, preventing
the residual illumination that would otherwise produce a visible beam trace at the bottom
of the image. In contrast, during acquisition mode, this additional dwell is not required.
This is because each frame acquisition inherently includes delays associated with hard-
ware synchronisation and image transfer to the camera memory, which effectively prevent

the accumulation of unintended signal.

As a result of these modifications, the illumination behaviour was corrected, leading to the
effective removal of the artefact and to a uniform intensity distribution across the FOV, as

shown in Figure 3.1b.

Overall, this modification highlights the importance of explicitly controlling laser emission

during non-imaging phases of the scanning cycle, even in widefield acquisition modes.
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)

(A) Widefield mode before correction, (8) Widefield mode after correction, where
showing a bright intensity band at the top the artefact is removed by restricting laser
of the image caused by continuous laser emission to the forward scanning sweep.

emission during the scanning cycle.

FIGURE 3.1: Effect of laser-scan synchronisation in Widefield mode with water in the
chamber: before (a) and after (b) correction.

3.2. Rolling Shutter as Confocal Mode

One of the main contributions of this work is the implementation of a confocal acquisi-
tion mode based on the synchronisation between the scanner and the camera readout
in rolling-shutter mode. This approach introduces temporal and spatial coupling between
illumination and detection, confining the detected signal to a narrow region that follows
the excitation beam. Consequently, improved optical sectioning is achieved, along with
reduced background and enhanced SNR compared to the Global Shutter configuration

described in Section 3.1.

3.21 Principle of Operation

The Rolling Shutter mode, referred to in the software as confocal mode (Figure 2.14b),
relies on precise synchronisation between the sweeping of the LS beam generated by the
scanner and the line-by-line sequential readout of the camera sensor. Unlike widefield
mode, the detector does not expose all sensor lines simultaneously; instead, each subset
of lines is exposed at different times. By aligning the instantaneous position of the beam
with the active readout region of the sensor, the system effectively acts as a virtual slit

that follows the LS across the FOV.

In the LSFM system at ALM, the Hamamatsu ORCA-Flash4.0 V3 camera [67—69] oper-
ates in this mode using the Lightsheet Readout Mode, which has been specifically de-

signed for synchronisation between sensor readout and the scanning of a light sheet. In
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this configuration, the detector is read from top to bottom, corresponding to the direction

of beam propagation during the scan.

3.2.2 Master-Slave Synchronisation Strategy

In widefield mode, the scanner acts as the master in the synchronisation process. For
the confocal mode, an alternative approach initially considered was to use the camera as
the master and the scanner as the slave through temporal control based on an HSYNC-
type signal. However, the scanner control board (RTC5) no longer provided the available
resources required for this synchronisation scheme, and modifying the master—slave re-
lationship in one mode would have implied altering it in widefield mode as well, which was

not desirable.

Consequently, the scanner was retained as the master, and the camera operates in Light-
sheet Readout Mode, in which detector readout follows the timing imposed by the scanner
sweep through a calibration procedure described in Subsection 3.2.4. This approach en-
sures that the galvanometric scan remains the reference signal throughout the entire ac-
quisition in both modes and is consistent with the control architecture described in Chap-

ter 2.

3.2.3 Exposure Time Constraints

For beam calibration during rolling-shutter operation, it is important to determine the limits
of the camera exposure time and, consequently, the limits of the scanner sweep speed
required to maintain synchronisation. The exposure time is constrained by the sensor
readout mechanism in Lightsheet Readout Mode. As defined in the Hamamatsu ORCA-
Flash4.0 V3 manual [69], the valid exposure time is determined by the line readout time

1H and the full-frame readout time V,, - 1H, where V,, is the number of vertical lines.

For full-frame operation, the camera has 2048 x 2048 pixels, and therefore V,, = 2048.
Given that 1H =~ 9.744 us, this yields a maximum effective exposure time of approxi-
mately 19.96 ms. This value has been verified experimentally, with the exposure time not

exceeding this upper limit.

Although the camera hardware supports a wider range of exposure times, the usable
exposure interval for synchronised rolling-shutter operation at 2048 x 2048 pixels lies ap-

proximately within the range 9.7 us to 19956 ps.
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3.2.4 Experimental Calibration of Exposure Time and Scanner Speed

Reliable synchronisation between the rolling-shutter readout and the scanning beam is
essential for stable operation and high-quality image acquisition in confocal mode. For
this reason, a direct relationship between the camera exposure time and the scanner

speed was determined experimentally.

For each selected exposure time, the scanner speed was manually adjusted in order to
identify the minimum velocity that allowed the scanned beam to correctly fill the camera
FOV. The resulting exposure—speed pairs were then used to define the operating range
of the synchronised confocal mode. The measured data exhibit the expected inverse
relationship: shorter exposure times require higher scanner velocities so that the beam
can cover the FOV within the available readout interval. The complete set of experimen-
tally determined exposure—speed pairs used for confocal synchronisation is presented in

Appendix D.

The experimentally determined relationship was subsequently incorporated into the soft-
ware through the calibration model that provided the best fit to the measured data. In the
present implementation, this corresponded to a quadratic fit, as illustrated in appendix
Figures D.1a and D.1b. It provides stable and reproducible behaviour during operation of

the confocal rolling-shutter mode.

However, this empirical relation does not currently admit a direct physical description of
scanner—camera synchronisation. For this reason, a more physically grounded model
is under development. As it is not yet fully operational, it has not been implemented;
however, it provides a theoretical framework for understanding the relationship between

exposure and the measured scanning speed.

The model is based on a linear mapping between the top and bottom scanner coordinates

(s) and the camera pixel coordinates (p):

pn=m-s+b (3.1)

Since the detector has 2048 x 2048 pixels, the pixel coordinate range extends from 0 to
2047. The scanner covers a range from —2900 to 2300 scanning units to span the entire
FOV of the camera. From this, the parameters are estimated as m = -———2%7_ ~ (.394

2300—(—2900)
and b = 1142, yielding the relation p, ~ 0.394 - s + 1142.
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Using this mapping, the scanner velocity required to traverse the full FOV within an ex-
posure time teyp is given by vscanner = tf—:p, where teyp, is expressed in milliseconds and

Uscanner IN SCanner units per millisecond. In the camera domain, this relationship can also

Ap

be expressed as Uscanner = 7, -
exp

For this reason, the physical model is currently regarded as an interpretative and optimi-

sation framework rather than as the operational synchronisation model.

3.2.5 Software Implementation

At code level, the synchronisation logic between camera exposure time and scanner
speed is implemented through the functions defined by Equations D.1 and D.2 (Appendix D),
together with limiting functions that restrict operation to the validated synchronisation lim-
its. These constraints ensure that the system remains within the regime in which the

scanned beam correctly fills the FOV and the rolling-shutter acquisition remains stable.

Within the scanner-control architecture, selection of the confocal mode through the cam-
era widget activates a dedicated RollingShutterWorker, which is responsible for main-
taining the synchronised sweep required for rolling-shutter acquisition. This distinguishes
the confocal mode from the widefield mode at the software level, since each mode follows

a separate execution pathway within the scanner workflow.

As in Widefield mode (Section 3.1), laser emission is confined to the effective imaging
phase of the scan. In confocal mode, the laser remains active only during the forward
top-to-bottom sweep that is synchronised with the rolling-shutter readout, and is switched
off during the return motion to the top of the FOV. This prevents fluorescence generated

outside the valid synchronisation interval from contributing to the acquired image.

3.2.6 Step-by-Step Acquisition Workflow

From both the user and software perspectives, the confocal rolling-shutter mode follows

a structured acquisition sequence, as illustrated in Figure 3.2.

When operating either in confocal acquisition mode or in live image visualisation, the user
activates Confocal Mode through the camera widget. At this stage, the user may define
either the desired camera exposure time in the camera settings or the scanner speed in the
corresponding widget. The software then computes the corresponding synchronisation

parameter through the functions described in Subsection 3.2.4.
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FIGURE 3.2: Software workflow of the confocal rolling-shutter mode. The user first
activates Confocal Mode and then defines either the desired camera exposure time or
the scanner speed. The software computes the corresponding synchronisation
parameters, configures the scanner sweep, operates the camera in LightSheet Readout
Mode, and executes the synchronised scan through the RollingShutterWorker.
During the forward top-to-bottom sweep the excitation lasers remain active, while
during the return motion to the top of the FOV they are switched off. The acquired
images are displayed in real time in napari.

The acquired images are displayed in real time in the napari viewer, enabling the user
to monitor focus, signal intensity, and correct synchronisation behaviour throughout the
operation. The mode can be terminated either by the user or at the end of an acquisition
sequence or during live operation by pressing the stop control on the camera or disabling

the Light Sheet on the scanner via the interface.

3.2.7 Validation Strategy and Discussion

At the current stage of development, the confocal mode with rolling shutter operates using
an experimentally derived calibration based on a quadratic fit. The physically motivated
model described in Subsection 3.2.4 represents an important step towards optimising the
calibration of this method. However, any validation of the approach must ultimately rely

on experimental verification.

In addition to the uncertainty associated with the scanner units, deviations from the phys-
ical model may arise due to system-specific effects, such as control signal latency, which
can effectively increase the exposure time, and potential non-linearities in the galvano-

metric response.
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Overall, the confocal mode developed in this work represents a significant extension of
the original acquisition framework implemented in the ALM microscope. Whereas the
widefield mode relies on the integration of fluorescence over the entire detector, the con-
focal mode introduces explicit synchronisation between scanner motion and rolling-shutter
readout. The benefits of this approach are demonstrated in the results presented in Sec-
tion 3.3.

3.3. Differences between Widefield and Confocal

To evaluate the practical impact of implementing a confocal rolling-shutter mode relative
to the widefield Global Shutter configuration, images were acquired in both modes across
different sample types. In this work, the comparison is primarily based on zebrafish sam-
ples (Subsection 3.3.1) and hydrogels (Subsection 3.3.2), where clear visual differences
between the two modes are observed. Additional comparison was performed on neural

crest cell spheroid samples (Appendix E).

To ensure a rigorous and unbiased qualitative comparison, all images were processed
using Fiji [76], with identical brightness and contrast settings applied within each pairwise
comparison. Average Y projections were used for the neural crest cell spheroid, hydro-
gel, and blood vessels labelled zebrafish sample. For multi-channel datasets, the colour
mapping associated with each excitation channel was preserved consistently across both

acquisition modes.

3.3.1 Labelled blood vessels Zebrafish Sample

This subsection presents a comparison of a zebrafish with labelled blood vessels acquired
in confocal and widefield modes using an average-intensity Y projection, as shown in

Figure 3.3a and 3.3b.

In the confocal mode image (Figure 3.3a), the background appears noticeably darker
and the vascular structures are more clearly defined. In the widefield mode image (Fig-
ure 3.3b), the background is more diffuse, reducing the apparent separation between the
vascular structures and the surrounding signal. This comparison shows that, for this type
of sample, confocal mode provides a visually clearer representation of the labelled struc-

tures than widefield mode.
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FIGURE 3.3: (a,b) Comparison between widefield and confocal acquisition for a blood
vessels labelled zebrafish sample using average-intensity Y projections. Both images
were processed in Fiji using the same brightness and contrast settings. The Confocal
projection exhibits a darker background and improved definition of the labelled vascular
structures relative to the Widefield projection,which shows a more diffuse background
contribution. c) Normalized intensity along the yellow line in (a) and (b). Confocal data
is represented in blue, whereas the widefield data is represented in yellow.

In the confocal mode image, the background appears noticeably darker and the vascu-
lar structures are more clearly defined. In the widefield mode image, the background is
more diffuse, reducing the apparent separation between the vascular structures and the
surrounding signal. This comparison shows that, for this type of sample, confocal mode

provides a visually clearer representation of the labelled structures than widefield mode.

The normalised intensity profile, calculated as Lorm = m is shown in Figure 3.3c
supports this qualitative observation. Along the selected line, the confocal profile ex-
hibits sharper intensity transitions with a higher peak values compared to widefield mode.

A lower background is also evident in the images acquired with confocal mode relative
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to widefield. This analysis is consistent with the results reported by Baumgart and Ku-
bitscheck, where intensity profiles were used to compare global shutter and rolling shut-
ter detection, showing improved contrast and lower background in rolling-shutter-based

confocal images [77].

3.3.2 Hydrogel Sample

A further comparison was performed using a hydrogel sample with astrocyte cells, as
shown in Figure 3.4. Here, different markers were used to label the cells, and the flu-
orescence channels are represented consistently across both acquisition modes: green
corresponds to the 405 nm excitation beam, cyan to 488 nm, magenta to 561 nm, and grey
to 640 nm. Labelled astrocyte cells are visible across the hydrogel, and morphological de-
tails are clear, such as the presence of processes in some of the cells. In the widefield
acquisition (Figure 3.4b), a diffuse background signal is present in the image, which im-
pairs the contrast and the ability to distinguish the fine processes of the cells, these being
the finest details to quantify in such a sample. This clearly demonstrates the capacity
of the confocal mode to reject background fluorescence while preserving local structural

details (Figure 3.4a).

(A) Hydrogel sample acquired in confocal (B) Hydrogel sample acquired in widefield
rolling-shutter mode. mode.

FIGURE 3.4: Qualitative comparison between confocal rolling shutter mode (a) and
widefield mode (b) for a hydrogel containing astrocyte cells. The confocal image shows
reduced diffuse background and clearly resolved cell processes relative to the widefield
image. Both images use the same brightness and contrast settings and the same
colour assignment for all channels (green = 405 nm, cyan = 488 nm, magenta = 561 nm,
grey = 640nm.).

The comparison between the two modes using the hydrogel sample reinforces the con-

clusions drawn from the zebrafish analysis. Confocal-mode acquisition produces sharper
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images with improved out-of-focus light rejection, whereas the widefield mode exhibits a

higher contribution of unwanted signal, leading to reduced image contrast.

3.3.3 Overall Results

The comparisons performed using the blood-vessel-labelled zebrafish sample (Subsec-
tion 3.3.1) and hydrogels containing astrocyte cells (Subsection 3.3.2) indicate that the
confocal rolling-shutter mode introduced in this dissertation provides a clear practical im-
provement over the widefield configuration. The use of rolling-shutter synchronisation
reduces out-of-focus light contributions and enhances the perception of local structural
details in the image, in agreement with the expected behaviour arising from synchronisa-

tion between the scanner and the camera.

This result is consistent with previous work showing that synchronising a scanned light
sheet with the rolling shutter of an sCMOS camera creates an effective moving confo-
cal slit, reducing scattered and out-of-focus fluorescence relative to global-shutter detec-
tion [77]. Similar improvements in background rejection and image contrast have also

been reported for electronic confocal slit detection in biological samples [36, 78].
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4. ALM LSFM Characterisation

The characterisation of a light sheet microscope is essential for ensuring high-quality im-
age acquisition. To this end, a QC methodology was implemented within the software to
evaluate the optical performance of the LS and to provide quantitative feedback on beam
alignment. Furthermore, bead-based evaluation methods were developed to assess sys-
tem chromatic between excitation beams, together with the use of homogeneous fluo-
rescent dye solutions to evaluate field uniformity. These combined approaches enable a

comprehensive assessment of the overall performance of the microscope.

4.1. Quality Control Widget

As outlined in Section 2.3, a dedicated Quality Control mode was implemented within the
ALM microscope software for beam characterisation. Access to this mode requires au-
thentication via a password (Figure 4.1a), ensuring that it is restricted to authorised users.
This mode is intended for use by ALM personnel for microscope evaluation and realign-
ment. Once activated, the QC widget (Figure 4.1b) becomes accessible, enabling beam
characterisation procedures to be conducted directly within the same software environ-

ment used for image acquisition and visualisation.

Quality Control Panel

Quality Control Mode

Insert Password:

| Live Calculation

[:I K [: anc EI Save Calculations
(A) Password dialog required to access the (B) Quality Control Widget illustrating the
Quality Control mode, ensuring restricted configurable analysis parameters and
access to authorised users. available QC actions for beam
characterisation and overall system
evaluation.

FIGURE 4.1: Quality Control interface of the ALM microscope software.

At the application level, the QC widget is integrated within the GUI, as shown in Fig-

ure 2.12. The widget enables numerical analysis, overlay visualisation in napari, and
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graphical plotting within the software environment. Furthermore, it supports data export
through the QC workflow, including the generation of PDF reports, . csv data files, image

recordings with overlays, and plots saved in .png format.

To perform the calculations required for beam analysis, the widget includes a set of user-
configurable parameters. As shown in Figure 4.1b, these comprise a file name parameter
used to define the output folder within the file manager directory, the selection of one or
both cameras for characterisation, the number of sampling points along the beam used in
the analysis, the grouping of neighbouring points for local averaging, and the beam win-
dow employed for profile extraction. Together, these parameters determine the number
of transverse beam sections analysed, the method of local averaging, and the size of the

fitting region around the beam.

At the level of numerical beam analysis, the QC workflow is based on Gaussian fitting
of beam profiles extracted from the most recently acquired camera frame, since the LS
can be well approximated by a Gaussian intensity distribution. A series of equally spaced
columns is selected across the image, with the spacing determined by the number of
points defined for the calculation.
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R2=0.737

400 4 Mean Profile X=1261...1267
©  Data within the window
—— Gaussian Fit

350

w
=]
S

2501

Mean Intensity

~N
=]
S

-
&
=)

100

o 250 500 750 1000 1250 1500 1750 2000

1000 1250 1500 1750 2000
x(px) Y Index (pixels)

(A) Beam image with the selected (B) Extracted intensity profile and corresponding Gaussian
column region used for profile fit within the window of 1261 to 1267 pixels. The grey
extraction. The vertical green dashed curve represents the mean profile along the selected

line indicates the analysed column column range, the blue points correspond to the data
position, while the two dashed yellow within the fitting window, and the red curve represents the
horizontal lines dfine the fitting fitted Gaussian model.

window around the beam.

FIGURE 4.2: Example of the Gaussian fitting procedure used for beam characterisation.
Alocal intensity profile is extracted from a selected region of the beam image and fitted
with a Gaussian model to determine the beam centre, baseline, standard deviation,
FWHM, and coefficient of determination RZ.

For each selected column, the corresponding intensity profile is extracted and fitted with

a Gaussian model, from which the beam centre, baseline, standard deviation, full width
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at half maximum (FWHM), and the coefficient of determination R? are obtained. Repeat-
ing this procedure for all selected columns allows the variation of beam width and beam
position to be characterised across the FOV. An example of this procedure is shown in
Figure 4.2. A selected column region is extracted from the beam image, and the cor-
responding transverse intensity profile is fitted with a Gaussian function to estimate the

beam centre and width.

From these data, the beam tilt angle is estimated via a linear regression applied to the
centres of the detected beam profiles across all analysed columns. Furthermore, the focus
position and the corresponding FWHM are obtained from the coordinate of the minimum

of a hyperbolic fit describing the evolution of the FWHM along the beam.

FIGURE 4.3: Image of the laser beam in water. The red lines in overlay are used to
determine the beam tilt. The yellow dot marks the estimated beam focus position,
where the beam waist is thinner.

For visual feedback within the application, the QC workflow is tightly integrated with the
napari viewer, as shown in Figure 2.12. A red overlay line indicates the beam tilt, while a

yellow marker denotes the estimated focus position (Figure 4.3).

These overlays are continuously updated with incoming image data, ensuring smooth op-
eration without GUI freezing or instability. In addition, a PySide6 dialog incorporating a
Matplotlib plot displays the FWHM profile along the beam, together with the correspond-
ing hyperbolic fit and the estimated focus coordinate. This functionality is illustrated in
Figure 4.4, showing the widget in active operation. This integrated presentation enables
the user to simultaneously monitor the visual appearance of the beam and its quantitative

characterisation within a unified software environment.
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FIGURE 4.4: Quality Control Widget in operation. The napari viewer displays the
analysed beam with overlays, while the FWHM plot dialog and the calculated QC
parameters are shown simultaneously. In this example, calculated FWHM in focus has
11.01 pixels.

The widget provides two main modes of operation: Live Calculation and Save Calcu-
lations. The live mode is intended for immediate inspection and characterisation of the
beam, supporting real-time alignment. This mode operates on a per-camera basis. The
save mode records the results of the current analysis by generating a PDF report, a struc-
tured . csv data file, and images of the beam with overlays, together with the correspond-

ing FWHM profile plot along the beam.

4.2. QC Report

As discussed in Section 4.1, in addition to real-time visualisation, the QC widget enables
the storage of a set of outputs that document both the numerical analysis and the corre-

sponding visual information.

The QC report generated through the Save Calculations option is designed to provide
a concise yet comprehensive summary of beam characterisation for each camera. The
report includes the date and time of the analysis, the excitation beam (including both the
wavelength and its associated colour representation), the corresponding laser power, and
the list of cameras involved in the measurement. For each camera, the report presents
the key beam characterisation parameters, namely the beam tilt angle, the focus position,

and the beam waist at the focus expressed in terms of FWHM, as defined in Section 4.1.
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In addition to these numerical values, the report includes the FWHM profile as a function
of column position, together with the associated hyperbolic fit used to determine the focus
point, as well as a beam image with overlays indicating both the beam tilt and the esti-
mated focus position. When characterisation is performed simultaneously for both cam-
eras, the first page of the report provides a summary table of the computed parameters,
as illustrated in Figure F.1a. An example of such a report for two cameras is presented in

Appendix F.

In parallel with the PDF report, a structured . csv file is also generated, containing both the
global summary parameters and the complete set of intermediate values used throughout
the analysis. The dataset includes fields such as timestamp, camera identifier, excita-
tion beam, power, beam tilt angle, focus position (in both column and row coordinates),
the FWHM at the focus in both pixels and micrometers, as well as the individual col-
umn positions, peak positions, and corresponding FWHM values along the beam. This
comprehensive data structure ensures full traceability of the fitting procedure and enables
post-processing, validation, and comparison across different measurements. An example

of such a dataset is provided in Appendix G.2.

The images presented in the report are also saved in .png format. Among these is
the per-column FWHM profile plot, which underpins the calculation of the main beam-
characterisation parameters (an example is shown in Figure 4.5). This plot represents
the evolution of the FWHM along the analysed beam direction, with each point corre-
sponding to a sampled column in the image. A hyperbolic model is fitted to these values,
from which the focus position is estimated as the minimum of the curve, while the corre-

sponding FWHM value defines the beam waist at focus.

FWHM vs Column (Camera 1)

—e— FWHM (data)
—— Hyperbolic fit
44 @ Focus: x=958.07, y=4.01

0 500 1000 1500 2000
Column (px)

FIGURE 4.5: Per-column FWHM profile (in um) for Camera 1 associated with the study
presented in Appendix F.

Taken together, these outputs integrate numerical parameters, graphical representations,
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and annotated images, thereby providing a comprehensive and reproducible character-
isation of the beam properties, suitable for routine system alignment and performance

verification.

4.3. Beam Characterisation

Beam characterisation was carried out using images of the beams at different vertical
positions within the camera FOV, corresponding to the top, middle, and bottom regions.
These measurements were used to evaluate the LS and its spatial evolution by means
of the QC mode of the application (the workflow is described in Section 4.1). All results
obtained were compiled in an Excel spreadsheet (Appendix G.3), containing the beam

parameters for each camera, solution, excitation beam, and spatial region.

For the different excitation lasers, homogeneous fluorescent solutions were used as the
beam-visualisation medium. For the 405 nm laser, Schweppes was used owing to the
presence of quinine, which exhibits fluorescence in this spectral region. For 488 nm, fluo-
rescein was used; for 561 nm, rhodamine; and for 640 nm, Nile Blue. These fluorophores
provide strong fluorescence emission compatible with their respective excitation wave-

lengths.

For each excitation condition, measurements were acquired with the corresponding emis-
sion filters (Appendix B). The filters used correspond to the standard fluorescence imaging
channels, namely DAPI (452/45) for 405 nm, GFP (525/50) for 488 nm, Alexa 568 (610/75)
for 561 nm, and Alexa 647 (700/75) for 640 nm. All measurements were performed using
the same excitation power of 1 m\W, ensuring that the observed differences predominantly
reflect wavelength-dependent optical behaviour and alignment effects, rather than varia-

tions in illumination intensity.

(A) Beam image at 405 nm (Schweppes). (8) Beam image at 488 nm (Fluorescein).
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(c) Beam image at 561 nm (Rhodamine). (D) Beam image at 640 nm (Nile Blue).

FIGURE 4.6: Beam images in top/middle/bottom of the FOV acquired with Camera 2 for
different excitation wavelengths using the corresponding emission filters. The red line
indicates the fitted beam tilt, while the yellow markers indicate the detected focus
positions at different regions of the image.

The images in Figure 4.6 illustrate the study procedure used for Camera 2 with emission
filters, showing the beam positioned in the bottom, middle, and top regions of the FOV,
where the red line indicates the fitted beam tilt and the yellow markers denote the detected
focus positions at different regions of the image. For both cameras, the same scanner
positions corresponding to the top, middle, and bottom of the FOV were used in order to

ensure a more reliable comparison.

The measurements reported in Appendix G.2 show that the two detection paths are not
perfectly aligned with one another. This is reflected in systematic differences in the mea-
sured beam tilt between Camera 1 and Camera 2 under identical conditions. An example
for the 488 nm excitation beam, acquired using fluorescein as the fluorescent solution,
is shown in Figure 4.7. In this case, Camera 1 presents a beam tilt of 0.626°, whereas
Camera 2 presents a beam tilt of 0.233°. The corresponding focus positions also differ,

with the focus detected at 958 px for Camera 1 and 1125 px for Camera 2.

The total angular offset between the two detection paths is approximately 0.4°. In practice,
this discrepancy was already sufficient to produce measurable differences in the beam pa-
rameters recorded by each camera, including the measured tilt and focus position. For
this reason, in the present system, an inter-camera angular discrepancy approaching 0.4°
was considered a practical upper bound for acceptable relative alignment. Good align-
ment should therefore correspond to a smaller discrepancy between the two detection
paths, while the residual beam tilt measured in each camera should be kept as close as
possible to 0°. Owing to this discrepancy, a mechanical adjustment of the camera mount

was required after these measurements.
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(A) Beam image acquired with Camera 1 (B) Beam image acquired with Camera 2
for the 488 nm excitation beam using for the 488 nm excitation beam using
fluorescein. The fitted beam tilt is 0.626°, fluorescein. The fitted beam filt is 0.233°,
and the detected focus position is 958 px. and the detected focus position is 1125 px.

FIGURE 4.7: Comparison between the beam detected by Camera 1 and Camera 2 for
the 488 nm excitation beam using fluorescein. The red line represents the fitted beam
tilt, and the yellow marker indicates the estimated focus position. The difference in
beam tilt and focus position indicates a residual misalignment between the two
detection paths.

Furthermore, the beam angle measured in each camera is not equal to 0°. This indicates
that the LS is not perfectly parallel to the image plane and therefore exhibits a residual
angular tilt across the FOV. This behaviour is evident in Figure 4.6, where the fitted tilt
line deviates from a perfectly horizontal orientation. Therefore, the angular mismatch
between cameras and the non-zero beam tilt within each camera should be considered as
related but distinct alignment limitations: the first reflects a relative misalignment between
detection paths, whereas the second reflects the residual inclination of the light sheet

itself.

Focus in FOV
1150

1100

1050

Focus position(px)

Schweppes  Fluorescein  Rhodamine Nile Blue

Scanner Position (scanner units) in solutions

FIGURE 4.8: Focus position measured across the FOV for the different fluorescent
solutions and excitation wavelengths. The blue, orange, and grey points correspond to
the top, middle, and bottom scanner positions, respectively. The different focus
positions between solutions indicate that the excitation beams do not reach focus at the
same image coordinate, while the variation between top, middle, and bottom positions
shows that the focus also changes slightly across the FOV.
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Another relevant observation is that the focus positions of the different beams do not co-
incide, as shown in Figure 4.8. That is, beams of different wavelengths are not focused at
exactly the same location. This suggests the presence of residual wavelength-dependent
optical shifts, consistent with a certain degree of chromatic aberration, despite the use of
achromatic tube lenses throughout the optical path. In practical terms, this means that
the beams are not perfectly co-focused at the same spatial position. This will translate
into different lateral focus positions for the samples from channel to channel, impacting

the overall image quality.

In addition, the focus position is not constant across the FOV for each wavelength, but
instead varies slightly between different regions of the image (Figure 4.6 and 4.8). This
indicates that the focus does not remain fixed throughout the FOV. This behaviour is con-
sistent with the fact that the beam tilt is neither constant nor equal to 0°, and therefore the

beam does not propagate horizontally across the image.

Another important observation is that the FWHM is not constant across the FOV, indicating
that the beam thickness varies throughout the image. This variation reflects both the
natural propagation of a Gaussian beam away from its waist and the residual beam tilt

discussed previously (Figure 4.8).

These effects have direct implications for both acquisition modes implemented in the soft-
ware. In confocal mode with rolling shutter, variations in beam position and thickness
across the FOV, together with the presence of beam tilt, complicate synchronisation be-
tween the beam itself and the active band of the detector, since misalignment arises be-
tween the rolling-shutter window and the beam across the image. In widefield mode, the
same effect leads to spatially non-uniform illumination, with certain regions of the sample

receiving more excitation than others.

It may therefore be concluded that the angular discrepancy between the cameras, the
non-zero beam tilt, the wavelength-dependent focus shift, and the spatial variation of the
FWHM across the FOV demonstrate that beam alignment in the LS microscope should be
regarded as an optical-mechanical problem. These results justify the need for a dedicated
beam characterisation procedure and further motivate the implementation of a QC mode

in the software as a routine tool for microscope optimisation.
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4.4. Field Uniformity

Field uniformity is an important QC parameter in LS microscopy, as image quality de-
pends not only on beam thickness but also on the homogeneity of the excitation distribu-
tion throughout the usable FOV. A non-uniform LS results in spatially variable excitation
conditions, which can affect fluorescence intensity, image contrast, and the interpretation

of image content across the field.

To evaluate field uniformity, one image was acquired for each excitation laser in both con-
focal and widefield modes, using the corresponding homogeneous fluorescent solutions
and associated emission filters. The resulting images were analysed in Fiji [76] with the
Metrolod_QC plugin [79], using brightness and contrast settings spanning the full 16-bit
intensity range. This procedure yielded a quantitative estimate of the illumination field

uniformity for each beam condition.

The field uniformity values obtained using the plugin for the confocal and widefield con-
figurations are summarised in Tables 4.1 and 4.2, respectively. Camera 2 exhibited the
lower residual beam tilt in the beam-characterisation study and was therefore considered
more suitable for this analysis. In both modes, field uniformity was highest for the 488 nm
beam, whereas the lowest values were observed for the 640 nm beam. This indicates that
the light sheet’'s homogeneity along its propagation axis, and consequently its thickness
and intensity, is stable for the 405 nm, 488 nm, and 561 nm laser lines, but not for the 640
nm.

TABLE 4.1: Field-uniformity values obtained in Confocal Mode using Camera 2.

Laser Solution Field Uniformity
405nm Schweppes (Quinine) 97.2 %
488 nm Fluorescein 97.6 %
561 nm Rhodamine 94.7 %
640 nm Nile Blue 89.1 %

TABLE 4.2: Field-uniformity values obtained in Widefield Mode using Camera 2.

Laser Solution Field Uniformity
405 nm Schweppes (Quinine) 98.0 %
488 nm Fluorescein 99.4 %
561 nm Rhodamine 95.0 %
640 nm Nile Blue 84.8 %
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For the 405 nm, 488 nm, and 561 nm excitation conditions, both acquisition modes ex-
hibited field uniformity values above 95%. This indicates that, under these conditions, the

LS has an even illumination and detection across the FOV.

Under the 640 nm excitation condition, the field uniformity value was 89.1% in confocal
mode and 84.8% in widefield mode. This indicates that, under the bad alignment con-
ditions, confocal mode provides a considerable improvement in field uniformity. This is
consistent with the fact that rolling-shutter operation reduces diffuse background signal
and restricts detection to the region associated with the LS. For the remaining excita-
tion wavelengths, both modes exhibit similarly high values, with only small differences

between them.

An example of this analysis using MetroloJ_QC [79] is shown in Figure 4.9, which presents
the field-uniformity image reported by the plugin. This image corresponds to the confocal

Nile Blue dataset, for which the measured field uniformity was 89.1%.

FIGURE 4.9: Example of a MetroloJ_QC [79] field-illumination analysis for the Nile Blue confocal
dataset. The report indicates a field uniformity of 89.1%, no saturated pixels, and centering
accuracy computed using the 90-100% reference zone.The percentage bands of 60-70%,
70-80%, and 50-60% show an asymmetric, diagonal gradient, with field uniformity falling only
within the 50-80% range across much of the FOV. An intensity drop of 20-50% relative to the
peak is visible in several areas.

Overall, the field-uniformity analysis indicates that the light sheet microscope delivers
highly homogeneous illumination for the 405 nm, 488 nm, and 561 nm excitation condi-
tions, whereas the 640 nm beam remains the most challenging in terms of spatial ho-

mogeneity. This result is relevant because previous LS microscopy studies have shown
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that field uniformity, field flatness, and channel-dependent focus behaviour are critical for

maintaining consistent image quality across large fields of view [80].

This might be caused by issues in the light sheet’s propagation axis, or by an uneven
beam profile across the FOV. However, given that the tilt at the centre of the FOV is
only —0.071°, one possible explanation for this result could be a synchronisation issue
between the scanning beam and the rolling shutter’s row-by-row readout, which can lead
to brightness variations from row to row, as indicated by lines of differing intensity across
the image. However, the most likely cause is laser intensity instability, since these lines
are also visible, and even more prominent, when images are acquired in widefield Mode

(Appendix H).

4.5. Beads

Fluorescent bead samples are an important QC tool, as they provide spatially localised
reference emitters that allow the imaging performance of the system to be evaluated di-
rectly within the sample volume. Unlike homogeneous fluorescent solutions, which are
primarily useful for analysing beam shape and field uniformity, bead samples provide dis-
crete structures whose apparent position, shape, and relative overlap can be inspected
directly. This makes them particularly suitable for assessing the spatial correspondence

between excitation beams and for identifying misalignment effects at the sample plane.

In this work, multicolour bright beads with a nominal diameter of 3 um and multicolour dim
beads with a nominal diameter of 2 um, embedded in agarose, were employed for QC.
These multicolour beads can be excited and will emit fluorescence in the four ranges: 405
nm, 488 nm, 561 nm, and 640 nm. The resulting multicolour bead dataset enabled the
chromatic shift assessment between the different excitation conditions directly within the

same sample volume.

Figure 4.10 shows a three-dimensional image of the beads used in this study, visualised
with Imaris Viewer [81]. In this representation, yellow corresponds to the 405 nm beam,
cyan to 488 nm, red to 561 nm, and green to 640nm. It can be seen that the beads are
not perfectly superimposed. Instead, a relative displacement between the channels is
observed along the Y axis, that is, along the acquisition planes. In practical terms, the
beams appear to diverge from one another along Y, which is consistent with a displace-
ment in the excitation geometry. This might be a result of the LS itself not being perfectly

co-planar across the different wavelengths due to chromatic aberrations introduced by the
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illumination optics, or because the different laser lines might not be perfectly aligned in
relation to one another before entering the illumination objective. Another possible expla-
nation for the apparent Y-offset, even though the bead itself didn’t move, might be related
to the detection objective and its optics, which can introduce wavelength-dependent fo-
cus shifts. However, since the system uses plan fluor objectives, and the tube lenses
are also corrected between 350-700 nm, the probable cause for the Y-offset observed is

microscope misalignment.

At the same time, a white region can also be observed in the image shown in Figure 4.10,
indicating the overlap between the 405 nm (yellow) and 488 nm (cyan) signals. This sug-

gests partial spatial coincidence between these two channels.

FIGURE 4.10: Three-dimensional image of fluorescent beads embedded in agarose, used to
assess the spatial correspondence between excitation channels. The colour assignment is

405 nm in yellow, 488 nm in cyan, 561 nm in red, and 640 nm in green. The relative displacement
between coloured bead signals suggests a residual spatial misalignment between beams at the
sample plane, particularly along the Y direction, although local white regions indicate partial
overlap between the 405 nm and 488 nm signals.

Overall, the bead analysis indicates that multicolour excitation in the LS microscope is
still affected by a small but measurable spatial offset, particularly along the Y axis. This
finding reinforces the importance of bead-based verification as part of the QC workflow,
since such micrometric shifts may not be noticeable by eye yet can still affect the spatial

correspondence between channels in biological imaging.
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5. Microscope Debugging

The LS microscope software integrates multiple hardware devices, real-time camera visu-
alisation, scanner control, acquisition routines, QC tools, and user interface interactions.
In such a complex system, errors and failures may arise from multiple sources at both the
hardware and software levels. For this reason, a dedicated logging system was imple-
mented to support debugging, operational traceability, and the long-term maintenance of

the microscope.

The purpose of the logging system is to provide a continuous chronological record of hard-
ware and software events throughout microscope operation, which facilitates distinction
between hardware- and software-related issues, and supports routine debugging during

microscope operation.

5.1. Log File Implementation

A log file was implemented in the LS microscope software to record operational events
and error conditions during use. The logging system was implemented through a cen-
tral logging module, which is initialised during software start-up. Once the application is
launched, the logging module is created and reused across different parts of the program,
allowing events generated by the cameras, lasers, filter wheels, scanner, acquisition rou-
tines, quality-control tools, and software mode transitions to be recorded in a common

chronological file.

At program start-up, the user selects the working directory in which the generated data are
to be stored. Following this selection, a 1ogs folder is created within the selected directory,
or reused if it already exists, and a session-specific . txt log file is stored in this folder.
This organisation ensures that the operational history of the microscope remains asso-
ciated with the acquisition and quality-control data generated during the same session.
Consequently, if an error occurs, the log file can be inspected alongside the corresponding

output data, thereby improving traceability and simplifying subsequent debugging.

The log file uses a structured format as follows:

(date) (time) [(log level)] (name) | (thread name) | (message)
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This format makes it possible to identify what occurred, when it occurred, and in which
execution context it occurred. The inclusion of the thread name is particularly useful for
distinguishing between events generated by the GUI and those generated by background
processes, allowing the source of errors to be identified more precisely and corrected ac-
cordingly. The logging file is also configured with a dynamic saving over time — preventing

uncontrolled growth during long sessions and preserving previous log files as backups.

At the code level, the logging system follows an asynchronous architecture. Rather than
writing each log entry directly to the file from the thread that generated the event, log
records are first placed in a queue and subsequently written to the logging file by a back-
ground process. This design is particularly important in a microscope-control application,
since synchronous file writing could block the graphical interface or delay routines asso-

ciated with acquisition and QC, thereby reducing the responsiveness of these processes.

Consequently, events generated by the hardware, acquisition routines, and quality-control
procedures can be recorded rapidly without requiring the originating thread to wait for
the operating system to complete a file-writing operation. This reduces the probability
of GUI freezing, visualisation delays, loss of acquisition synchronisation, and reduced

responsiveness during high-frequency operations.

Asynchronous logging also provides increased robustness in an application composed of
multiple widgets connected to different hardware devices and operating in a multithreaded
environment. This is because different modules may generate log events simultaneously
during microscope operation. The use of a queue therefore provides a controlled mech-
anism for collecting messages from the different active widgets, before writing them se-
quentially to the log file. This preserves a consistent logging output and avoids simultane-
ous file access by multiple threads. This approach is particularly useful in the LS software,
where camera acquisition, device communication, scanner control, acquisition routines,
QC calculations, and graphical interaction are handled by separate widgets and worker

threads.

The logger was designed to record a broad range of operational events. These include
camera live-view activation and deactivation, camera snapshots, camera restart opera-
tions, laser on/off state changes, laser intensity changes, camera-mode transitions, scan-
ner operation in Widefield or Confocal Mode, hardware connection events, transitions

between Acquisition and Quality Control Mode, acquisition-related events, filter changes,
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and events occurring during QC analysis. Recording these events in the same chronolog-
ical file provides a detailed history of the microscope state before, during, and after each

operation.

Figure 5.1 illustrates the complete logging workflow implemented in the light sheet micro-
scope software. After the software starts, the user selects the working directory, where in
a dedicated logs folder, a corresponding . txt log file are created. The logger is then ini-
tialised, the initial hardware connections are recorded, and the software enters its normal
running state. During operation, each hardware event, software event, or runtime error is
sent to the logging queue and written asynchronously to the log file, without interrupting
execution. This process continues until the microscope software is closed, after which

the log file can be used for debugging and traceability.

Start Microscope Choose working Create or Choose Create Log File
Software directory logs folder (-txt)

Initialise Logger

Hardware initial
Connections

Queue Log |
Records |

—

Write Asynchronously [ Hardware Events ] [ Software Events ] [ RunTime Errors ]
to File
Program
End Microscope Use Log for
Software Debugging

Running
FIGURE 5.1: Schematic representation of the logging workflow implemented in the ALM
microscope software. After the user selects the working directory, in a dedicated logs folder, a
.txt log file are created. During operation, hardware events, software events, and runtime
errors are continuously queued and written asynchronously to the log file while the program
remains running. The resulting log can then be used for debugging and traceability after the
software session ends.

5.1.1 Hardware Log

The hardware log records events associated with the physical devices of the microscope,
including the lasers, cameras, filter wheels, scanner, and stages. During software ini-
tialisation, the log file documents whether each device was detected and successfully
initialised. Where available, connection details such as communication ports, serial num-
bers, controller type, and device status are recorded for the corresponding hardware com-

ponents.
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This hardware-level logging is important because the LSFM relies on the coordinated
operation of several independent devices. A failure in one device may not prevent the
graphical interface from opening, but it can compromise acquisition, real-time visualisa-
tion, scanner operation, filter selection, or QC functionality. Consequently, recording the
start-up state of each device provides an immediate diagnostic tool for identifying missing,

disconnected, or incorrectly configured hardware.

In addition, the device state during program operation is also logged. For the cameras, all
events related to enabling or disabling live visualisation in napari are recorded, together
with snap acquisition events and camera restart events. These entries are useful for
distinguishing between a camera connection failure during start-up and a failure occurring

during software execution.

For the lasers, on/off events are recorded for each excitation wavelength, together with
changes in laser power expressed in mW. This is particularly useful during acquisition and
QC, as it allows the user to verify whether the expected excitation line and intensity were

active at the correct time.

For the filter wheels, emission-filter change events are recorded, enabling the optical
configuration used during multichannel imaging or beam-characterisation routines to be

traced.

For the scanner, the log records whether the system is operating in widefield or confocal
mode, which is closely linked to the selected camera mode. This allows the scanner
behaviour at a given moment to be characterised, since its operation differs between the

two modes, as described in Chapter 3.

Overall, the hardware log provides a structured record of the physical state of the micro-
scope. It is useful both during software development and routine microscope operation,
as it enables the user to verify which devices were connected, how they were configured,

and whether any hardware component exhibited failures before or during an experiment.

5.1.2 Software Log

The software log records events associated with the internal execution of the application.
These include software initialisation, creation of the GUI, user-triggered actions, mode
transitions, acquisition and QC events, and unexpected runtime errors. Since each log

entry also contains the thread name, the log file provides information about the execution
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context in which each event occurred. This is particularly useful in the software, where

multiple operations are executed through independent widgets and worker threads.

One of the main events recorded at the software level is the transition between Acqui-
sition Mode and Quality Control Mode. Since each mode exposes a different widget in
the GUI, recording these transitions enables the operational state of the software to be
reconstructed at the time of a given event or failure. For example, an error occurring dur-
ing QC analysis can be distinguished from one occurring during image acquisition, live

visualisation, or camera-mode switching.

All events associated with device-specific widgets are recorded. The interaction between
software and hardware provides important diagnostic information, enabling a distinction to
be made between hardware communication problems and errors caused by software-side

operations, such as an invalid camera state or a failed live-visualisation request.

In addition, acquisition-related events are recorded. These include the start of an acquisi-
tion sequence, acquisition progress, hardware state changes triggered during acquisition,
and operations associated with file saving. Since a Y-stack acquisition relies on the coor-
dinated behaviour of the cameras, lasers, scanner, stages, and filter wheels, the software
log provides a chronological record that helps determine whether a problem occurred
before acquisition, during hardware configuration, during image capture, or during file

writing.

Events related to QC are also recorded. The QC workflow includes real-time calcula-
tions, saving of calculated results, background execution of numerical analyses, overlay
generation, FWHM plotting, and report/data export. Recording these events is important
because QC depends on real-time camera frames, numerical fitting routines, graphical
updates, and file-generation operations. If an error occurs, the log file helps determine
whether the failure originated from unavailable camera frames, invalid user-defined pa-
rameters, failure of the numerical analysis, overlay generation, or report-export opera-

tions.

In addition to explicit software events, the logging system also captures Qt messages and
unhandled Python exceptions through handlers installed during application start-up. This
allows graphical-interface warnings and unexpected runtime exceptions to be recorded
in the same file as normal operational events. As a result, the log file provides a unified

record of expected actions and unexpected failures, which is essential for debugging a
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complex graphical microscope-control application.

The software log is therefore complementary to the hardware log. Whereas the hardware
log records the state of the physical devices, the software log records how those devices
are used by the application. Together, both types of log are stored in a single file and allow
the complete execution sequence of a microscope session to be reconstructed, from soft-
ware and hardware initialisation through acquisition and QC to shutdown. This improves
traceability and provides an effective basis for identifying, reproducing, and correcting

errors in the ALM microscope software.

5.2. Types of errors reported

The implemented logging system records errors associated with both hardware and soft-
ware, as described in Sections 5.1.1 and 5.1.2, respectively. Hardware-related errors
include missing devices during software initialisation, communication failures with instru-
ments connected via serial or VISA interfaces, incomplete device initialisation, and loss of
device availability during execution. Software-related errors include widget initialisation
failures, invalid device states, failed activation of live visualisation, runtime exceptions,

and warnings generated by the graphical interface.

The log file classifies events into three levels: INFO, WARNING, and ERROR. Informative mes-
sages are used to confirm successful operations, such as device connections, changes in
laser state, or activation of real-time visualisation. Warning messages report non-critical
issues that do not necessarily prevent the program from continuing execution. Error mes-
sages indicate failures that prevent an operation from being completed as expected. This

classification enables the user to rapidly identify the severity and origin of a given event.

Figure 5.2 shows two representative examples of errors captured by the logging system.
In the first example (Figure 5.2a), the log file reports a hardware connection problem
during software start-up. Since the laser box was switched off, no valid laser-controller
port was detected. As a result, the laser box could not be connected to the corresponding
software widget. This information is particularly useful because it identifies not only the
device that failed, but also the software location and communication layer associated with

the failure.

In the second example (Figure 5.2b), the software started correctly and all devices were
successfully connected. The log records normal operational events, including successful

camera connection, activation of live visualisation, and changes in laser state. Camera 1
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was then deliberately disconnected during execution. The log subsequently records the
error associated with the failed attempt to start live visualisation from that camera. This
demonstrates that the logging system is able to detect not only start-up failures, but also
runtime failures that occur after the microscope software has already entered its normal

operational state.

2026-06-25 13:12:14 [INFO] ALM | MainThread | Log directory updated to: logs

2026-06-25 13:12:14 [INFO] ALM | MainThread | Main window created successfully

2026-06-25 13:12:14 [INFO] ALM | MainThread | Entering Qt event loop

2026-06-25 13:12:14 [INFO] ALM | MainThread | ALM_Lightsheet initialisation started

2026-06-25 13 4 [INFO] ALM | MainThread | ALM Lightsheet initialisation completed successfull

2026-06-25 13 4 [ERROR] ALM | LASERS | Laser box not found. No 'Coherent OBIS Device' port was detected.
2626-06-25 13 2 [ERROR] ALM | FILTER WHEEL | Filter Wheel 2 connection attempt failed. POrt=COM4, serial=AD@IDTC7A

Traceback (most recent call last):
File "c:\Users\ALM Light_Sheet\Desktop\VitaSlice - Acquisition Mode YLambda\Extra Files\Devices_Connections.py", line 87, in filterwheel 2
filter_conn_2 = _zaberConnection(port=p.device, baudrate=115260, timeout=e.05)

File "C:\Users\ALM_Light_Sheet\anaconda3\envs\env_napari7\Lib\site-packages\microscope\controllers\zaber.py", line 123, in _init__
self._serial = serial.Serial(
File "C:\Users\ALM_Light_Sheet\anaconda3\envs\env_napari7\Lib\site-packages\serial\serialwin32.py", line 33, in _init__
super(Serial, self)._init_ (*args, **kwargs)
File "C:\Users\ALM Light_Sheet\anaconda3\envs\env_napari7\Lib\site-packages\serial\serialutil.py", line 244, in _init__
self.open()
File "C:\Users\ALM_Light_Sheet\anaconda3\envs\env_napari7\Lib\site-packages\serial\serialwin32.py", line 64, in open
raise SerialException("could not open port {Ir}: {!r}".format(self.portstr, ctypes.WinError()))
serial.serialutil.SerialException: could not open port 'COM4': PermissionError(13, 'Access is denied.', None, 5)
2026-06-25 13:12:15 [INFO] ALM | FILTER WHEEL | Filter Wheel 1 connected successfully. Port=COM9, serial=A16KSRCPA
2026-06-25 13:12:15 [INFO] ALM | SCANNER | Scanner connected successfully. DLL=RTCSDLLx64, init_result=e
2026-06-25 13:12:15 [INFO] ALM | FILTER WHEEL | Filter Wheel 2 connected successfully. Port=COM4, serial=AD@IDTC7A
2026-06-25 13:12:18 [INFO] ALM | STAGES | Stages connected successfully. Controller=C-884, serial=118067518
2026-06-25 13:12:21 [INFO] ALM | CAMERA | Camera 1 connected successfully
2026-06-25 13:12:22 [INFO] ALM | CAMERA | Camera 2 connected successfully
2026-06-25 13:12:22 [INFO] ALM | SCANNER | Scanner initialised successfully. Device type: WinDLL

|§2§ZZZZI§§ e T Farer contralion 1n Lacers idgat_ |

(A) Example of hardware connection failures recorded during software start-up. The
laser box was switched off, resulting in the message that no valid Coherent OBIS
device port was detected.

2026-06-25 13:10:00 [INFO] ALM | FILTER WHEEL | Filter Wheel 1 connected successfully. Port=COM9, serial=A10KSRCPA
2026-06-25 13:10:00 [INFO] ALM | SCANNER | Scanner connected successfully. DLL=RTCSDLLX64, init_result=e

2026-06-25 13:10:00 [INFO] ALM | LASERS | Laser box connected successfully. Port=COM7, VISA resource=ASRL7::INSTR

2026-06-25 13:10:01 [INFO] ALM | FILTER WHEEL | Filter Wheel 2 connected successfully. Port=COMA, serial=ADOIDTC7A

2026-06-25 13:10:04 [INFO] ALM | STAGES | Stages connected successfully. Controller=C-884, serial=118067518

2026-06-25 13:10:08 [INFO] ALM | CAMERA | Camera 1 connected successfully

2026-06-25 13:10:09 [INFO] ALM | CAMERA | Camera 2 connected successfully

2026-06-25 13:10:09 [INFO] ALM | SCANNER | Scanner initialised successfully. Device type: WinDLL

2026-06-25 13:10:09 [INFO] ALM | LASERS | Laser controller attached to Lasers_Widget. Device type: SerialInstrument

2026-06-25 13:10:09 [INFO] ALM | LASERS | Laser controller initialised successfully: channels 2-5 set to AM OFF and Internal CWP mode.

[INFO] ALM | MainThread | UI mode transition: None -> acquisition

[WARNING] ALM | MainThread | QObject::connect(QstyleHints, QStyleHints): unique connections require a pointer to member function of a QObject subclass
[INFO] ALM | CAMERA | Camera 1 live view started

[INFO] ALM | LASERS | Laser state changed: laser=488 nm, channel=4, state=ON, power=1.0 md

[INFO] ALM | LASERS | Laser state changed: laser=488 nm, channel=4, state=ON, power=2.® mi

[INFO] ALM | LASERS | Laser state changed: laser=488 nm, channel=4, state=ON, power=1.0 md

[INFO] ALM | LASERS | Laser state changed: laser=488 nm, channel=4, state=OFF, power=e m

INFO] ALM | CAMERA | Camera 1 live view stopped

[ERROR] ALM | CAMERA | Failed to start Camera 1 live view]

(8) Example of a runtime camera failure recorded after successful software
initialisation. The camera was deliberately disconnected after the program had started
in order to verify that the logging system correctly recorded a live-view failure.

FIGURE 5.2: Representative hardware and runtime faults captured by the ALM
microscope logging system.

These examples highlight the diagnostic value of storing both successful operations and
failures within the same chronological file. Successful connection messages provide a
reference state for the system, whereas subsequent warning or error messages indicate
when and where a failure occurred. This makes it possible to distinguish between a device

that was never correctly initialised and a device that failed during operation.

Overall, the logging system provides an effective debugging mechanism for the micro-
scope software. By recording hardware events, software actions, runtime errors, and

exception stack traces in a structured chronological format, it supports rapid diagnosis of
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system failures and improves the robustness and maintainability of the microscope-control

environment.



FCUP|FEUP | 69
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

6. Conclusion & Future Work
6.1. Discussion & General Conclusions

This dissertation contributes to the development, validation, and characterisation of the
custom control software for the ALM LSFM. The main objective was to expand the exist-
ing microscope controlling software by implementing new functionalities for acquisition,
quality control, and debugging, as well as to evaluate their practical impact on microscope

operation and image quality.

A major contribution of this work was the implementation of a confocal acquisition mode
based on rolling-shutter synchronisation between the camera and the scanner. Unlike
widefield mode, in which fluorescence is integrated over the entire detector, confocal
mode synchronises the active detector band with the instantaneous position of the scanned
LS. This enables improved rejection of diffuse and out-of-focus light contributions and en-
hances the visual separation between different fluorescence channels within an image.
The comparison between widefield and confocal acquisition showed that the confocal
mode can improve image contrast and structural definition, particularly in samples with

significant out of focus light, such as spheroids and hydrogels.

In addition to implementing the confocal mode, improvements were introduced to the sys-
tem control logic. In widefield mode, laser emission was restricted to the effective scan-
ning phase, thereby avoiding unwanted illumination during the scanner return motion.
This correction eliminated an artefact that appeared as a high-intensity band in the im-
age, highlighting the importance of explicit laser control even outside rolling-shutter-based

acquisition.

A second contribution was the development of a Quality Control mode within the micro-
scope software. In this mode, the user can characterise the generated light sheet through
the same GUI used for acquisition. The QC workflow performs Gaussian fitting of the
beam profiles, estimates the beam tilt, calculates the focus position, and determines the
FWHM at the focus. The integration of numerical results, napari overlays, and FWHM
plots provides immediate feedback to the user and enables real-time microscope align-

ment.
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In addition, the characterisation study can be saved in report format. The software gen-
erates an output folder containing a PDF report, structured . csv data, annotated beam im-
ages, and FWHM plots. This provides reproducible documentation of the beam-characterisation
process and allows the extracted data to be reused for subsequent validation or com-
parison between measurements. The availability of both visual and quantitative outputs

makes the QC mode suitable for routine system verification and alignment.

For the characterisation of the beam in the ALM microscope, the software QC mode was
used, revealing that alignment remained a critical factor affecting system performance.
The two detection paths exhibited an angular discrepancy of approximately 0.4° between
the two cameras, which was sufficient to degrade acquisition quality. In addition, the beam
tilt was not equal to 0° across the image, indicating that the light sheet was not perfectly
parallel to the image plane. Finally, the focus position was not constant, and the FWHM
varied across the beam, showing that the beam width was not uniform throughout the

image.

Taken together, these observations indicate that the beam was not perfectly aligned and
that the two cameras were not fully aligned with respect to one another. These effects
have direct consequences for both acquisition modes: in confocal mode, they impact in
the synchronisation between the rolling-shutter window and the beam; in widefield mode,

they contribute to non-uniform illumination of the sample.

In addition to beam characterisation, a complete QC assessment was done by looking
at the field-uniformity and chromatic co-registration. The system exhibited high field-
uniformity values for the 405 nm, 488 nm, and 561 nm excitation conditions, whereas the
640 nm condition showed lower homogeneity. These results highlight that beam confine-
ment, angular alignment, and illumination uniformity are strongly interconnected aspects

of microscope performance.

Multi-color fluorescence bead analysis provided additional sample-level validation of the
system alignment. Aresidual spatial displacement between the excitation channels, along
the Y axis was found upon analysis of the beads images. This Y-offset was likely on the
order of a few micrometres, being clearly visible in the bead datasets even when not obvi-
ous through direct visual inspection during beam alignment. This confirms the importance
of bead-based quality-control checks for detecting small spatial offsets between channels,

which may affect the interpretation of multicolour biological imaging.
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Finally, a logging system was also implemented to improve debugging and system trace-
ability. The logger records hardware events, software events, runtime errors, and ex-
ception stack traces in a structured chronological format. Logging is performed asyn-
chronously, preventing file-writing operations from blocking the graphical interface or in-
terfering with acquisition processes by making them slower. This is particularly important
in a multithreaded microscope-control application, where cameras, scanner control, de-

vice communication, acquisition routines, and QC calculations may run in parallel.

In conclusion, the work carried out in this dissertation improved the capabilities of the
ALM LSFM by implementing a synchronised confocal acquisition mode based on rolling
shutter, integrating a beam quality-control system, demonstrating the importance of field-
uniformity assessment and bead-based validation for microscope performance, and in-
troducing a robust event-logging framework. These developments contribute to a more
reliable, traceable, and user-oriented microscope-control environment. At the same time,
the results show that hardware alignment and optical stability remain limiting factors, mo-
tivating further improvements in both the mechanical design and the software acquisition

workflow.

During the development of this work, Artificial Intelligence (Al) tools were used as com-
plementary support for code development and refinement, language correction and text
improvement. These tools were mainly used to improve clarity and grammatical correct-

ness.

6.2. Future Work

Although the developments presented in this dissertation have improved the image-acquisition,
quality-control, traceability, and debugging capabilities of the ALM microscope, several as-
pects can still be improved in future work. These improvements include both hardware-
related developments, aimed at increasing optical and mechanical stability, and software-
related developments, focused on improving acquisition scalability, data processing, and

the user experience.

6.2.1 Hardware

An important hardware improvement would be the development of a new sample chamber
with greater mechanical stability. Ideally, the chamber should be fixed to the optical table

or to a mechanically rigid reference structure.
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A stable chamber would facilitate focusing of both the detection and illumination paths
after chamber replacement or objective cleaning, as in the current set up, the chamber is
sealed with Picodent that physically connects it to the objectives, so changing the focus
position of one objective causes the entire chamber to move which impacts the capacity

for dual side detection.

Another relevant improvement would be the implementation of a post-scanner alignment
system based on two mirrors arranged in a geometry complementary to that of the scan-
ner. Such a configuration would allow optimisation of the beam incidence and polarisa-
tion at the sample. Since the propagation direction and polarisation state of the excitation
beam can influence light sheet formation and image quality, this additional alignment stage

could contribute to improved LS imaging performance.

Fine adjustment of the upper scanner mirror should also be considered as a future hard-
ware optimisation step. The bead analysis suggested a residual Y-offset between excita-
tion channels at the sample plane, and adjustment of this mirror could help correct small
lateral displacements of the scanned beam. This optimisation should be guided by the QC
workflow and verified using multicolour beads, allowing beam registration to be assessed

quantitatively after each adjustment.

In addition, future hardware optimisation should include a more systematic alignment pro-
cedure assisted by the QC mode developed in this work. The QC workflow provides
quantitative feedback on beam tilt, focus position, and FWHM, and can therefore be used
as an alignment aid rather than only as a diagnostic tool. Future work should define ac-
ceptable tolerance ranges for these parameters and use them to guide mechanical and
optical adjustments of the system. This would make alignment more reproducible and

less dependent on subjective visual inspection.

6.2.2 Software

From the software perspective, an important future improvement would be the integration
of stitching directly into the acquisition workflow. This would allow the user to acquire
multiple adjacent fields of view and reconstruct larger sample regions without relying on
external post-processing tools. Such an implementation would be particularly useful for
biological samples that exceed the camera FOV and should include the storage of tile

position, % of overlap, acquisition order, stitching method, and associated metadata.
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Another important development concerns image saving during acquisition. Future ver-
sions of the software should implement frame-by-frame saving using a non-blocking strat-
egy, preventing the GUI from freezing during large acquisitions. A possible solution would
be a producer—consumer architecture, in which acquired frames are placed in a queue
by the acquisition thread and written to disk by a separate background worker. This ap-
proach would be conceptually similar to the asynchronous logging system implemented

in this work.

Finally, future software improvements could further expand the QC workflow. The software
could compare new QC measurements with reference values and alert the user when pa-
rameters such as beam tilt, focus position, FWHM, field uniformity, or bead-based channel
alignment exceed predefined tolerance limits. This would make the QC mode not only a

diagnostic tool, but also a routine monitoring tool for microscope stability.

Overall, future software development should focus on improving acquisition scalability,
non-blocking data handling, and automated quality control. These improvements would
make the ALM software more robust, responsive, and suitable for large multidimensional

datasets.



FCUP|FEUP | 74
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

Instituto de Investigacao e Inovagdo em Saude (i3S). Advanced Light Microscopy
(ALM) Scientific Platform. Core facility for advanced optical microscopy at the
University of Porto. [Online]. Available: https://www.i3s.up.pt/scientific-platform.

php?groupid=63 [Cited on page 1.]

C. Albrecht, “Joseph r. lakowicz: Principles of fluorescence spectroscopy, 3rd
edition,” Analytical and Bioanalytical Chemistry, vol. 390, no. 5, pp. 1223-1224,
Jan. 2008. [Online]. Available: https://doi.org/10.1007/s00216-007-1822-x [Cited on
page 2.]

J. W. Lichtman and J.-A. Conchello, “Fluorescence microscopy,” Nature Methods,
vol. 2, no. 12, pp. 910-919, Nov. 2005. [Online]. Available: https://doi.org/10.1038/
nmeth817 [Cited on pages xii, 2, 3, 4, and 5.]

G. G. Stokes, “On the change of refrangibility of light,” Abstracts of the Papers
Communicated to the Royal Society of London, no. 6, pp. 195-200, Dec. 1854.
[Online]. Available: https://doi.org/10.1098/rspl.1850.0071 [Cited on page 2.]

J. R. Lakowicz, Principles of fluorescence spectroscopy, 3rd ed., Springer,
Ed. New York: Springer Science+Business Media, LLC, 2006, joseph R.
Lakowicz., Includes bibliographical references and index. [Online]. Available: http:
/Iwww.loc.gov/catdir/enhancements/fy0824/2006920796-t.html [Cited on pages xii,
2,3,and 4.]

G. Carl Zeiss Microscopy GmbH, “Principles of fluorescence,”
ZEISS  Microscopy, Tech. Rep,, May 2019, technology  Note.
[Online]. Available: https://pages.zeiss.com/rs/896-XMS-794/images/ZEISS-
Microscopy_Technology-Note Principles-of-Fluorescence.pdf [Cited on pages xiv,

2,3,5,and 85]

M. J. Sanderson, |. Smith, |. Parker, and M. D. Bootman, “Fluorescence
microscopy,” Cold Spring Harbor Protocols, vol. 2014, no. 10, Oct. 2014. [Online].
Available: https://cshprotocols.cshlp.org/content/2014/10/pdb.top071795.full [Cited
on pages 2, 3,4, and 5.]


https://www.i3s.up.pt/scientific-platform.php?groupid=63
https://www.i3s.up.pt/scientific-platform.php?groupid=63
https://doi.org/10.1007/s00216-007-1822-x
https://doi.org/10.1038/nmeth817
https://doi.org/10.1038/nmeth817
https://doi.org/10.1098/rspl.1850.0071
http://www.loc.gov/catdir/enhancements/fy0824/2006920796-t.html
http://www.loc.gov/catdir/enhancements/fy0824/2006920796-t.html
https://pages.zeiss.com/rs/896-XMS-794/images/ZEISS-Microscopy_Technology-Note_Principles-of-Fluorescence.pdf
https://pages.zeiss.com/rs/896-XMS-794/images/ZEISS-Microscopy_Technology-Note_Principles-of-Fluorescence.pdf
https://cshprotocols.cshlp.org/content/2014/10/pdb.top071795.full

FCUP|FEUP | 75
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

[8] Introduction to fluorescence microscopy. Nikon’s MicroscopyU. Web Article. [Online].
Available: https://www.microscopyu.com/techniques/fluorescence/introduction-to-

fluorescence-microscopy [Cited on page 2.]

[9] M. Planck, 2. Zur Theorie des Gesetzes der Energieverteilung im Normalspektrum.
De Gruyter, Dec. 1969, pp. 107—117. [Online]. Available: https://doi.org/10.1515/
9783112596609-011 [Cited on page 2.]

[10] A. G, T. T, and S. Ramakrishnan, “Fluorescence nano particle detection in
a liquid sample using the smartphone for biomedical application,” Journal of
Fluorescence, vol. 32, no. 1, pp. 135-143, Oct. 2021. [Online]. Available:
https://doi.org/10.1007/s10895-021-02799-w [Cited on page 3.]

[11] M. Eck, “Performance enhancement of hybrid nanocrystal-polymer bulk heterojunc-
tion solar cells:: aspects of device efficiency, reproducibility, and stability,” Ph.D.
dissertation, Dissertation, Albert-Ludwigs-Universitat Freiburg, 2014, 2014. [Online].
Available: https://surl.li/gjawzx [Cited on pages xii and 3.]

[12] K.-L. Wong, J.-C. G. Binzli, and P. A. Tanner, “Quantum vyield and brightness,”
Journal of Luminescence, vol. 224, p. 117256, Aug. 2020. [Online]. Available:
https://doi.org/10.1016/j.jlumin.2020.117256 [Cited on page 4.]

[13] A. Kyrychenko, “Using fluorescence for studies of biological membranes: a review,”
Methods and Applications in Fluorescence, vol. 3, no. 4, p. 042003, Oct. 2015.
[Online]. Available: http://doi.com/10.1088/2050-6120/3/4/042003 [Cited on page 5.]

[14] Spinning disk confocal microscopy. Nikon’s MicroscopyU. Web article. [Online].

Available: https://www.microscopyu.com/references/spinningdisk [Cited on page 6.]

[15] Multiphoton microscopy. Nikon’s MicroscopyU. Web article. [Online]. Available: https:
IIwww.microscopyu.com/techniques/multi-photon/multiphoton-microscopy [Cited on

page 6.]

[16] Light sheet fluorescence microscopy. Nikon’s MicroscopyU. Web article. [On-
line]. Available: https://www.microscopyu.com/techniques/light-sheet/light-sheet-

fluorescence-microscopy [Cited on pages xi, 6, 7, 8, 9, and 10.]

[17] A.H.VOIE, D. H. BURNS, and F. A. SPELMAN, “Orthogonal-plane fluorescence op-

tical sectioning: Three-dimensional imaging of macroscopic biological specimens,”


https://www.microscopyu.com/techniques/fluorescence/introduction-to-fluorescence-microscopy
https://www.microscopyu.com/techniques/fluorescence/introduction-to-fluorescence-microscopy
https://doi.org/10.1515/9783112596609-011
https://doi.org/10.1515/9783112596609-011
https://doi.org/10.1007/s10895-021-02799-w
https://surl.li/gjawzx
https://doi.org/10.1016/j.jlumin.2020.117256
http://doi.com/10.1088/2050-6120/3/4/042003
https://www.microscopyu.com/references/spinningdisk
https://www.microscopyu.com/techniques/multi-photon/multiphoton-microscopy
https://www.microscopyu.com/techniques/multi-photon/multiphoton-microscopy
https://www.microscopyu.com/techniques/light-sheet/light-sheet-fluorescence-microscopy
https://www.microscopyu.com/techniques/light-sheet/light-sheet-fluorescence-microscopy

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

FCUP|FEUP | 76
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

Journal of Microscopy, vol. 170, no. 3, pp. 229-236, Jun. 1993. [Online]. Available:
https://doi.org/10.1111/j.1365-2818.1993.tb03346.x [Cited on page 6.]

P. A. Santi, “Light sheet fluorescence microscopy: A review,” Journal of
Histochemistry; Cytochemistry, vol. 59, no. 2, pp. 129-138, Feb. 2011. [Online].
Available: https://doi.org/10.1369/0022155410394857 [Cited on page 6.]

J. Huisken, J. Swoger, F. Del Bene, J. Wittbrodt, and E. H. K. Stelzer, “Optical
sectioning deep inside live embryos by selective plane illumination microscopy,”
Science, vol. 305, no. 5686, pp. 1007-1009, Aug. 2004. [Online]. Available:
https://www.science.org/doi/full/10.1126/science.1100035 [Cited on page 6.]

O. E. Olarte, J. Andilla, E. J. Gualda, and P. Loza-Alvarez, “Light-sheet microscopy:
a tutorial,” Advances in Optics and Photonics, vol. 10, no. 1, p. 111, Jan. 2018.
[Online]. Available: https://doi.org/10.1364/A0P.10.000111 [Cited on pages xii, 7,
8,9, 10, 11,12, and 13.]

J. Huisken and D. Y. R. Stainier, “Selective plane illumination microscopy techniques
in developmental biology,” Development, vol. 136, no. 12, pp. 1963-1975, Jun.
2009. [Online]. Available: https://doi.org/10.1242/dev.022426 [Cited on pages Xii
and 7.]

E. H. K. Stelzer, F. Strobl, B.-J. Chang, F. Preusser, S. Preibisch, K. McDole, and
R. Fiolka, “Light sheet fluorescence microscopy,” Nature Reviews Methods Primers,
vol. 1, no. 1, Nov. 2021. [Online]. Available: https://doi.org/10.1038/s43586-021-
00069-4 [Cited on pages 7, 11, and 12.]

R. Paschotta, Gaussian Beams - an encyclopedia article. RP Photonics AG, 2005.
[Online]. Available: https://www.rp-photonics.com/gaussian_beams.html [Cited on

pages 8 and 9.]

Gaussian Beam Optics, IDEX Optical Technologies (CVI Laser Optics), historic
Technical Guide chapter (Vol. 2, Issue 2). [Online]. Available: https://www.idexot.

com/media/wysiwyg/02_Gaussian_Beam_Optics.pdf [Cited on page 8.]

R. Paschotta, Rayleigh Length - an encyclopedia article. RP Photonics AG,
2021. [Online]. Available: https://www.rp-photonics.com/rayleigh_length.html [Cited
on page 9.]


https://doi.org/10.1111/j.1365-2818.1993.tb03346.x
https://doi.org/10.1369/0022155410394857
https://www.science.org/doi/full/10.1126/science.1100035
https://doi.org/10.1364/AOP.10.000111
https://doi.org/10.1242/dev.022426
https://doi.org/10.1038/s43586-021-00069-4
https://doi.org/10.1038/s43586-021-00069-4
https://www.rp-photonics.com/gaussian_beams.html
https://www.idexot.com/media/wysiwyg/02_Gaussian_Beam_Optics.pdf
https://www.idexot.com/media/wysiwyg/02_Gaussian_Beam_Optics.pdf
https://www.rp-photonics.com/rayleigh_length.html

[26]

[27]

(28]

[29]

[30]

[31]

FCUP|FEUP | 77
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

D. Hill. How to convert fwhm measurements to 1/e-squared halfwidths.
Zemax Knowledge Base (Ansys Optics). Originally published in Ra-
diant Zemax Knowledge Base. Archived 2016-03-04. [Online]. Avail-
able: https://optics.ansys.com/hc/en-us/articles/42661666396947-How-to-convert-
FWHM-measurements-to-1-e-2-halfwidths [Cited on page 9.]

C.-P. Shih, W.-C. Tang, P. Chen, and B.-C. Chen, “Applications of lightsheet
fluorescence microscopy by high numerical aperture detection lens,” The Journal of
Physical Chemistry B, vol. 128, no. 35, pp. 8273-8289, Aug. 2024. [Online]. Avail-
able: https://pubs.acs.org/doi/pdf/10.1021/acs.jpcb.4c01721?ref=article_openPDF
[Cited on pages xi and 10.]

G. Liu, X. Ruan, D. E. Milkie, F. Gérlitz, M. Mueller, W. Hercule, A. Killilea, E. Betzig,
and S. Upadhyayula, “Characterization, comparison, and optimization of lattice
light sheets,” Science Advances, vol. 9, no. 13, Mar. 2023. [Online]. Available:

https://www.science.org/doi/epdf/10.1126/sciadv.ade6623

B.-C. Chen, W. R. Legant, K. Wang, L. Shao, D. E. Milkie, M. W. Davidson,
C. Janetopoulos, X. S. Wu, J. A. Hammer, Z. Liu, B. P. English, Y. Mimori-
Kiyosue, D. P. Romero, A. T. Ritter, J. Lippincott-Schwartz, L. Fritz-Laylin,
R. D. Mullins, D. M. Mitchell, J. N. Bembenek, A.-C. Reymann, R. Béhme,
S. W. Grill, J. T. Wang, G. Seydoux, U. S. Tulu, D. P. Kiehart, and
E. Betzig, “Lattice light-sheet microscopy: Imaging molecules to embryos at
high spatiotemporal resolution,” Science, vol. 346, no. 6208, Oct. 2014. [Online].
Available: https://www.science.org/doi/epdf/10.1126/science.1257998 [Cited on
page 13.]

R. Kasu, H. Luo, S. Luckhart, D. N. Christodoulides, and A. E. Vasdekis,
“Single-objective airy light-sheet imaging,” ACS Photonics, vol. 12, no. 5, pp.
2432-2439, May 2025. [Online]. Available: https://pubs.acs.org/doi/pdf/10.1021/
acsphotonics.4c02078?ref=article_openPDF

N. Wiersma, “Photorefractive self-focusing of airy beams: nonlinear interactions
and all-optical waveguiding,” PhD thesis, Universit¢é de Lorraine, 2016, hAL
Id: tel-01869953; NNT: 2016LORR0351. [Online]. Available: https://tel.archives-
ouvertes.fr/tel-01869953 [Cited on pages xi and 10.]


https://optics.ansys.com/hc/en-us/articles/42661666396947-How-to-convert-FWHM-measurements-to-1-e-2-halfwidths
https://optics.ansys.com/hc/en-us/articles/42661666396947-How-to-convert-FWHM-measurements-to-1-e-2-halfwidths
https://pubs.acs.org/doi/pdf/10.1021/acs.jpcb.4c01721?ref=article_openPDF
https://www.science.org/doi/epdf/10.1126/sciadv.ade6623
https://www.science.org/doi/epdf/10.1126/science.1257998
https://pubs.acs.org/doi/pdf/10.1021/acsphotonics.4c02078?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/acsphotonics.4c02078?ref=article_openPDF
https://tel.archives-ouvertes.fr/tel-01869953
https://tel.archives-ouvertes.fr/tel-01869953

FCUP|FEUP | 78
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

[32] A. K. Glaser, Y. Chen, C. Yin, L. Wei, L. A. Barner, N. P. Reder, and

[33]

[34]

[33]

[36]

[37]

J. T. C. Liu, “Multidirectional digital scanned light-sheet microscopy enables uniform
fluorescence excitation and contrast-enhanced imaging,” Scientific Reports, vol. 8,
no. 1, Sep. 2018. [Online]. Available: https://doi.org/10.1038/s41598-018-32367-5
[Cited on pages 11, 12, 13, and 14.]

S. R. Barger, D. Vorselen, N. C. Gauthier, J. A. Theriot, and M. Krendel, “F-actin
organization and target constriction during primary macrophage phagocytosis is
balanced by competing activity of myosin-i and myosin-ii,” Molecular Biology of the
Cell, vol. 33, no. 14, Dec. 2022. [Online]. Available: https://url-shortener.me/FEJN
[Cited on page 12.]

D. Lappenkiper, “Global shutter, rolling shutter — functionality and characteristics
of two exposure methods (shutter variants),” Basler AG, White Paper, May
2018, document code: BAS1401; © Basler AG, 05/2018. [Online]. Available:
https://assets-ctf.baslerweb.com/dg51pdwahxgw/7ntd9POLbEeEmxKj6Q6J1h/
cb845234f745dddab95f3ee64994dd7d/BAS1401_White_Paper_Rolling_Shutter.
pdf [Cited on pages xii, 13, and 14.]

“Revisiting gen i- and gen ii-scmos cameras for live-cell fluorescence imaging —
global shutter vs rolling shutter,” Hamamatsu Photonics K.K., Technical note / white
paper, Aug. 2013, cat. No. SCAS0095E01; Created in Japan. [Online]. Avail-
able: https://camera.hamamatsu.com/content/dam/hamamatsu-photonics/sites/
documents/99_SALES_LIBRARY/sys/SCAS0095E_Global.pdf [Cited on pages 13
and 14.]

V. Gavryusev, G. Sancataldo, P. Ricci, A. Montalbano, C. Fornetto, L. Turrini,
A. Laurino, L. Pesce, G. de Vito, N. Tiso, F. Vanzi, L. Silvestri, and F. S. Pavone,
“Dual-beam confocal light-sheet microscopy via flexible acousto-optic deflector,”
Journal of Biomedical Optics, vol. 24, no. 10, p. 1, Oct. 2019. [Online]. Available:
https://doi.org/10.1117/1.jb0.24.10.106504 [Cited on pages 14 and 47.]

ZEN Microscopy Software: Your Complete Solution from Sample to Knowledge,
Version 3.6 ed., Carl Zeiss Microscopy GmbH, Jena, Germany, May 2025, product
information brochure. Document code: EN_41 011_038; CZ 05-2025. [Online].

Available: https://lwww.zeiss.com/zen [Cited on page 15.]


https://doi.org/10.1038/s41598-018-32367-5
https://url-shortener.me/FEJN
https://assets-ctf.baslerweb.com/dg51pdwahxgw/7ntd9P0LbEeEmxKj6Q6J1h/cb845234f745dddab95f3ee64994dd7d/BAS1401_White_Paper_Rolling_Shutter.pdf
https://assets-ctf.baslerweb.com/dg51pdwahxgw/7ntd9P0LbEeEmxKj6Q6J1h/cb845234f745dddab95f3ee64994dd7d/BAS1401_White_Paper_Rolling_Shutter.pdf
https://assets-ctf.baslerweb.com/dg51pdwahxgw/7ntd9P0LbEeEmxKj6Q6J1h/cb845234f745dddab95f3ee64994dd7d/BAS1401_White_Paper_Rolling_Shutter.pdf
https://camera.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/sys/SCAS0095E_Global.pdf
https://camera.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/sys/SCAS0095E_Global.pdf
https://doi.org/10.1117/1.jbo.24.10.106504
https://www.zeiss.com/zen

FCUP|FEUP | 79
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

[38] ZEISS Lightsheet 7: Light Sheet Fluorescence Microscopy for Multiview Imaging
of Living and Cleared Specimens, Version 1.0 ed., Carl Zeiss Microscopy
GmbH, Jena, Germany, Mar. 2020, product information brochure. Document code:
EN_41_011_219; CZ 03-2020. [Online]. Available: https://www.zeiss.com/lightsheet
[Cited on page 15.]

[39] Lightsheet Z.1 Operating Manual: ZEN 2014 for Lightsheet, V_02 ed., Carl Zeiss
Microscopy GmbH, Jena, Germany, Apr. 2014, document No. 000000-2064-138;
04/2014. [Online]. Available: https://www.zeiss.com/microscopy [Cited on page 15.]

[40] “Imaging with the digital light sheet microscope stellaris dls: Step by step guide,”
Leica Microsystems CMS GmbH, Mannheim, Germany, Application Note, Jul. 2022,
from Eye to Insight. Document code: MC-0004126; published 2022-07-28. [Online].

Available: https://www.leica-microsystems.com/ [Cited on page 15.]

[41] User manual. NIS-Elements. NIS-Elements Help / Documentation (NikonSaleAppli-
cation). [Online]. Available: https://www.nisoftware.net/NikonSaleApplication/Help/

Docs-D/eng_d/man.html [Cited on page 15.]

[42] A. D. Edelstein, M. A. Tsuchida, N. Amodaj, H. Pinkard, R. D. Vale,
and N. Stuurman, “Advanced methods of microscope control using
pmanager software,” Journal of Biological Methods, vol. 1, no. 2,
p. 1, Nov. 2014. [Online]. Available: https://www.researchgate.net/publication/
273956341 _Advanced_methods_of microscope_control_using_l14Manager_software

[Cited on page 15.]

[43] P. G. Pitrone, J. Schindelin, L. Stuyvenberg, S. Preibisch, M. Weber, K. W. Eliceiri,
J. Huisken, and P. Tomancak, “Openspim: an open-access light-sheet microscopy

platform,” Nature Methods, vol. 10, no. 7, pp. 598-599, Jun. 2013. [Cited on page 15.]

[44] Python microscope. Python Microscope. Project website and documentation for
the Python Microscope package. [Online]. Available: https://python-microscope.org/

[Cited on page 15.]

[45] Microscope-cockpit documentation. Microscope-Cockpit Project. Online documenta-
tion (Microscope-Cockpit 2.9.2). [Online]. Available: https://microscope-cockpit.org/
[Cited on page 15.]

[46] Driver software (dcam). Hamamatsu Photonics K.K. Product cameras software

page describing DCAM-API, DCAM-SDK4, and related driver/software resources.


https://www.zeiss.com/lightsheet
https://www.zeiss.com/microscopy
https://www.leica-microsystems.com/
https://www.nisoftware.net/NikonSaleApplication/Help/Docs-D/eng_d/man.html
https://www.nisoftware.net/NikonSaleApplication/Help/Docs-D/eng_d/man.html
https://www.researchgate.net/publication/273956341_Advanced_methods_of_microscope_control_using_I14Manager_software
https://www.researchgate.net/publication/273956341_Advanced_methods_of_microscope_control_using_I14Manager_software
https://python-microscope.org/
https://microscope-cockpit.org/

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

FCUP|FEUP | 80
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

[Online]. Available: https://www.hamamatsu.com/jp/en/product/cameras/software/

driver-software.html [Cited on page 16.]

pylon sdk samples manual. Basler Product Documentation. Describes the SDK
sample programs delivered with the Basler pylon Software Suite. [Online].
Available: https://docs.baslerweb.com/pylonapi/pylon-sdk-samples-manual [Cited

on page 16.]

Operator’'s Manual: OBIS LX/LS, Coherent, Corp., 26750 SW 95th Ave.,
Wilsonville, OR 97070, USA, Sep. 2024, preliminary version: September 27,
2024 (12:28 pm). © Coherent, Corp., 2024. All rights reserved. [Online]. Available:

https://www.coherent.com/resources [Cited on page 16.]

M. J. Colville, S. Park, W. R. Zipfel, and M. J. Paszek, “High-speed device
synchronization in optical microscopy with an open-source hardware control
platform,” Scientific Reports, vol. 9, no. 1, Aug. 2019. [Online]. Available:
https://doi.org/10.1038/s41598-019-48455-z [Cited on page 16.]

The ome-tiff format. Open Microscopy Environment (OME). OME Data Model
and File Formats, version 5.6.3 documentation. [Online]. Available: https:

/ldocs.openmicroscopy.org/ome-model/5.6.3/ome-tiff/ [Cited on page 17.]

The HDF5® Library & File Format. The HDF Group. Product/overview page for
HDF5 high-performance data management and storage suite. [Online]. Available:

https://www.hdfgroup.org/solutions/hdf5/ [Cited on page 17.]

J. Moore, D. Basurto-Lozada, and e. a. Besson, “Ome-zarr: a cloud-optimized
bioimaging file format with international community support,” Histochemistry and Cell

Biology, vol. 160, no. 3, pp. 223-251, Jul. 2023. [Cited on pages 17 and 34.]

“Quality control protocols for light microscopy,” RTmfm (CNRS MITI) — GT3M
(Methods of Metrology in Microscopy Working Group), Protocols / Technical report,
Nov. 2021, quality control protocols for light microscopy (GT3M working group,
RTmfm/CNRS). [Online]. Available: https://rtmfm.cnrs.fr/wp-content/uploads/2021/
11/GT3M_QC_Protocols_CC-V2021.1.7_EN.pdf [Cited on page 18.]

U. Boehm, G. Nelson, C. M. Brown, and e. Bagley, “Quarep-limi: a community
endeavor to advance quality assessment and reproducibility in light microscopy,”
Nature Methods, vol. 18, no. 12, pp. 1423-1426, May 2021. [Online]. Available:
https://doi.org/10.1038/s41592-021-01162-y [Cited on page 18.]


https://www.hamamatsu.com/jp/en/product/cameras/software/driver-software.html
https://www.hamamatsu.com/jp/en/product/cameras/software/driver-software.html
https://docs.baslerweb.com/pylonapi/pylon-sdk-samples-manual
https://www.coherent.com/resources
https://doi.org/10.1038/s41598-019-48455-z
https://docs.openmicroscopy.org/ome-model/5.6.3/ome-tiff/
https://docs.openmicroscopy.org/ome-model/5.6.3/ome-tiff/
https://www.hdfgroup.org/solutions/hdf5/
https://rtmfm.cnrs.fr/wp-content/uploads/2021/11/GT3M_QC_Protocols_CC-V2021.1.7_EN.pdf
https://rtmfm.cnrs.fr/wp-content/uploads/2021/11/GT3M_QC_Protocols_CC-V2021.1.7_EN.pdf
https://doi.org/10.1038/s41592-021-01162-y

FCUP|FEUP | 81
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

[55] L. Gao, A. Garcia-Uribe, Y. Liu, C. Li, and L. V. Wang, “Photobleaching imprinting
microscopy: seeing clearer and deeper,” Journal of Cell Science, Jan. 2013.
[Online]. Available: https://pmc.ncbi.nim.nih.gov/articles/PMC3889396/ [Cited on
page 18.]

[56] Coherent, Inc., OBIS LX/S Laser Box, Coherent, Inc., Santa
Clara, CA, USA, 2021, datasheet, Rev. F. [Online]. Avail-
able: https://www.coherent.com/content/dam/coherent/site/en/resources/datasheet/

lasers/COHR_OBIS_ LaserBox_DS 0119 _1.pdf [Cited on pages 20 and 21.]

[57] I. Coherent. OBIS LX 405 nm 100 mW Laser. Product page, SKU 1284371. [Online].
Available: https://coherentinc.my.site.com/Coherent/1284371?cclcl=en_US [Cited
on page 20.]

[58] Coherent, Inc. OBIS LS 488 nm 100 mW Laser. Product page, SKU 1226419.
[Online]. Available: https://coherentinc.my.site.com/Coherent/lasers/lasers-laser-

systems/obis-Ix-Is/1226419?cclcl=en_US [Cited on page 20.]

[59] I. Coherent. OBIS LS 561 nm 100 mW Laser. Product page, SKU 1253301.
[Online]. Available: https://coherentinc.my.site.com/Coherent/lasers/lasers-laser-

systems/obis-Ix-Is/1253301?cclcl=en_US [Cited on pages 20 and 21.]

[60] Coherent, Inc. OBIS LX 640 nm 100 mW Laser. Product page, SKU 1185055.
[Online]. Available: https://coherentinc.my.site.com/Coherent/lasers/lasers-laser-

systems/obis-Ix-Is/1185055?cclcl=en_US [Cited on pages 20 and 21.]

[61] Scanlab GmbH. SCANcube 7. Product page. [Online]. Available: https://www.
scanlab.de/en/products/scan-systems/scancube/standard-series/scancube-7 [Cited

on page 21.]

[62] S. GmbH. RTC Control Boards. Product page. [Online]. Available: https://www.

scanlab.de/en/products/control-electronics/rtc-control-boards [Cited on page 21.]

[63] Physik Instrumente (PI) SE & Co. KG. (2025) M-110 « M-111 « M-112
Compact Linear Stage. Datasheet dated 2025-01-21. [Online]. Available: https:
IIwww.physikinstrumente.com/en/products/linear-stages/stages-with-stepper-dc-
brushless-dc-bldc-motors/m-110-m-111-m-112-compact-linear-stage-412418433
[Cited on page 22.]


https://pmc.ncbi.nlm.nih.gov/articles/PMC3889396/
https://www.coherent.com/content/dam/coherent/site/en/resources/datasheet/lasers/COHR_OBIS_LaserBox_DS_0119_1.pdf
https://www.coherent.com/content/dam/coherent/site/en/resources/datasheet/lasers/COHR_OBIS_LaserBox_DS_0119_1.pdf
https://coherentinc.my.site.com/Coherent/1284371?cclcl=en_US
https://coherentinc.my.site.com/Coherent/lasers/lasers-laser-systems/obis-lx-ls/1226419?cclcl=en_US
https://coherentinc.my.site.com/Coherent/lasers/lasers-laser-systems/obis-lx-ls/1226419?cclcl=en_US
https://coherentinc.my.site.com/Coherent/lasers/lasers-laser-systems/obis-lx-ls/1253301?cclcl=en_US
https://coherentinc.my.site.com/Coherent/lasers/lasers-laser-systems/obis-lx-ls/1253301?cclcl=en_US
https://coherentinc.my.site.com/Coherent/lasers/lasers-laser-systems/obis-lx-ls/1185055?cclcl=en_US
https://coherentinc.my.site.com/Coherent/lasers/lasers-laser-systems/obis-lx-ls/1185055?cclcl=en_US
https://www.scanlab.de/en/products/scan-systems/scancube/standard-series/scancube-7
https://www.scanlab.de/en/products/scan-systems/scancube/standard-series/scancube-7
https://www.scanlab.de/en/products/control-electronics/rtc-control-boards
https://www.scanlab.de/en/products/control-electronics/rtc-control-boards
https://www.physikinstrumente.com/en/products/linear-stages/stages-with-stepper-dc-brushless-dc-bldc-motors/m-110-m-111-m-112-compact-linear-stage-412418433
https://www.physikinstrumente.com/en/products/linear-stages/stages-with-stepper-dc-brushless-dc-bldc-motors/m-110-m-111-m-112-compact-linear-stage-412418433
https://www.physikinstrumente.com/en/products/linear-stages/stages-with-stepper-dc-brushless-dc-bldc-motors/m-110-m-111-m-112-compact-linear-stage-412418433

FCUP|FEUP | 82
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

[64] Pl miCos GmbH. Compact Rotation Stages. Product datasheet. [Online]. Avail-
able: https://www.pi-usa.us/fileadmin/user_upload/pi_us/files/product_datasheets/

Compact_Rotation_Stages.pdf [Cited on pages 22 and 23.]

[65] Physik Instrumente (PI) SE & Co. KG. C-8844DC -+« C-884.6DC Motion
Controller for DC Motors, 4 or 6 Axes. Product page. [Online]. Available:
https://www.physikinstrumente.com/en/products/controllers-and-drivers/motion-
controllers-drivers-for-linear-torque-stepper-dc-servo-motors/c-8844dc-c-8846dc-

motion-controllers-for-dc-motors-900707 [Cited on pages 22 and 23.]

[66] Zaber Technologies Inc. X-FWR-E Series User’'s Manual. User manual for
motorized filter wheels with built-in controllers and motor encoders. [Online].

Available: https://www.zaber.com/manuals/X-FWR-E [Cited on pages xii and 23.]

[67] Hamamatsu Photonics K.K. ORCA-Flash4.0 V3 Digital CMOS Camera C13440-
20CU. Product page. [Online]. Available: https://camera.hamamatsu.com/jp/en/
product/camera/C13440-20CU.html [Cited on pages 24 and 39.]

[68] H. P. KK. (2018) ORCA-Flash4.0 V3 Digital CMOS Camera C13440-
20CU Technical Note. Technical note, June 2018. [Online]. Avail-
able: https://camera.hamamatsu.com/content/dam/hamamatsu-photonics/sites/
documents/99_SALES_LIBRARY/sys/SCAS0134E_C13440-20CU_tec.pdf [Cited
on pages xii, 24, and 25.]

[69] Hamamatsu Photonics K.K. (2024) ORCA-Flash4.0 V3 Digital CMOS
Camera  C13440-20CU / C13440-20CUO01  Instruction  Manual. In-
struction  manual, version 1.9, December 2024. [Online]. Avail-
able: https://camera.hamamatsu.com/content/dam/hamamatsu-photonics/sites/
static/sys/en/manual/C13440-20CU_IM_En.pdf [Cited on pages xii, 24, 25, 39,
and 40.]

[70] Simao Peniche Seixas, “VitaSlice: Software Development and System Optimization
of a Custom Light Sheet Fluorescence Microscope,” Internship Report, Faculty
of Sciences, University of Porto, 2025. [Online]. Available: https://hdl.handle.net/
10216/168769 [Cited on pages xii, xiii, 25, 27, 28, 29, 30, 31, 32, and 37.]

[71] Thorlabs, Inc. (2021) TTL200-A f=200 mm Infinity-Corrected Tube Lens, -A Coated.
Mechanical drawing / specification sheet, rev. C, dated 2021-09-01. [Online].
Available: https://shorturl.at/MKdgh [Cited on pages 28 and 30.]


https://www.pi-usa.us/fileadmin/user_upload/pi_us/files/product_datasheets/Compact_Rotation_Stages.pdf
https://www.pi-usa.us/fileadmin/user_upload/pi_us/files/product_datasheets/Compact_Rotation_Stages.pdf
https://www.physikinstrumente.com/en/products/controllers-and-drivers/motion-controllers-drivers-for-linear-torque-stepper-dc-servo-motors/c-8844dc-c-8846dc-motion-controllers-for-dc-motors-900707
https://www.physikinstrumente.com/en/products/controllers-and-drivers/motion-controllers-drivers-for-linear-torque-stepper-dc-servo-motors/c-8844dc-c-8846dc-motion-controllers-for-dc-motors-900707
https://www.physikinstrumente.com/en/products/controllers-and-drivers/motion-controllers-drivers-for-linear-torque-stepper-dc-servo-motors/c-8844dc-c-8846dc-motion-controllers-for-dc-motors-900707
https://www.zaber.com/manuals/X-FWR-E
https://camera.hamamatsu.com/jp/en/product/camera/C13440-20CU.html
https://camera.hamamatsu.com/jp/en/product/camera/C13440-20CU.html
https://camera.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/sys/SCAS0134E_C13440-20CU_tec.pdf
https://camera.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/sys/SCAS0134E_C13440-20CU_tec.pdf
https://camera.hamamatsu.com/content/dam/hamamatsu-photonics/sites/static/sys/en/manual/C13440-20CU_IM_En.pdf
https://camera.hamamatsu.com/content/dam/hamamatsu-photonics/sites/static/sys/en/manual/C13440-20CU_IM_En.pdf
https://hdl.handle.net/10216/168769
https://hdl.handle.net/10216/168769
https://shorturl.at/MKdqh

[72]

[73]

[74]

[79]

[76]

[77]

(78]

[79]

[80]

FCUP|FEUP | 83
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

Napari contributors. Napari: a fast, interactive viewer for multi-dimensional images
in Python. Project website. [Online]. Available: https://napari.org/stable/ [Cited on
page 34.]

OME NGFF Community. ome-zarr-py Documentation. Documentation for Python
tools to read and write OME-Zarr datasets. [Online]. Available: https://ome-zarr.

readthedocs.io/en/stable/ [Cited on page 34.]

Community OME NGFF. (2023) Next-Generation File Format (NGFF) Specifications
v0.4. OME-Zarr specification. [Online]. Available: https://ngff.openmicroscopy.org/
0.4/index.html

Zarr Developers. Zarr-Python Documentation. Documentation for chun-
ked, compressed N-dimensional array storage. [Online]. Available: https:

/[zarr.readthedocs.io/en/stable/ [Cited on page 34.]

Fiji contributors. Fiji: an open-source platform for biological-image analysis. Project

website. [Online]. Available: https://fiji.sc/ [Cited on pages 34, 44, 57, and 90.]

E. Baumgart and U. Kubitscheck, “Scanned light sheet microscopy with confocal
slit detection,” Optics Express, vol. 20, no. 19, p. 21805, 2012. [Online]. Available:
https://doi.org/10.1364/0OE.20.021805 [Cited on pages 46 and 47.]

G. d. Medeiros, N. Norlin, S. Gunther, M. Albert, L. Panavaite, U.-M. Fiuza,
F. Peri, T. Hiiragi, U. Krzic, and L. Hufnagel, “Confocal multiview light-sheet
microscopy,” Nature Communications, vol. 6, no. 1, Nov. 2015. [Online]. Available:
https://doi.org/10.1038/ncomms9881 [Cited on page 47.]

C. Matthews and F. P. Cordeliéres. (2010) MetroloJ: an Imaged plugin to help monitor
microscopes’ health. Presentation from ImagedJ User & Developer Conference
2010. [Online]. Available: https://imagejdocu.list.lu/_media/plugin/analysis/metroloj/
matthews_cordelieres_-_imagej_user_developer_conference_-_2010.pdf [Cited on

pages xiv, 57, and 58.]

N. Vladimirov, F. F. Voigt, T. Naert, G. R. Araujo, R. Cai, A. M. Reuss,
S. Zhao, P. Schmid, S. Hildebrand, M. Schaettin, D. Groos, J. M. Mateos,
P. Bethge, T. Yamamoto, V. Aerne, A. Roebroeck, A. Ertirk, A. Aguzzi,
U. Ziegler, E. Stoeckli, L. Baudis, S. S. Lienkamp, and F. Helmchen, “Benchtop

mesospim: a next-generation open-source light-sheet microscope for cleared


https://napari.org/stable/
https://ome-zarr.readthedocs.io/en/stable/
https://ome-zarr.readthedocs.io/en/stable/
https://ngff.openmicroscopy.org/0.4/index.html
https://ngff.openmicroscopy.org/0.4/index.html
https://zarr.readthedocs.io/en/stable/
https://zarr.readthedocs.io/en/stable/
https://fiji.sc/
https://doi.org/10.1364/OE.20.021805
https://doi.org/10.1038/ncomms9881
https://imagejdocu.list.lu/_media/plugin/analysis/metroloj/matthews_cordelieres_-_imagej_user_developer_conference_-_2010.pdf
https://imagejdocu.list.lu/_media/plugin/analysis/metroloj/matthews_cordelieres_-_imagej_user_developer_conference_-_2010.pdf

FCUP|FEUP | 84
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

samples,” Nature Communications, vol. 15, no. 1, Mar. 2024. [Online]. Available:

https://doi.org/10.1038/s41467-024-46770-2 [Cited on page 59.]

[81] Oxford Instruments. Imaris Viewer: Free 3D/4D Microscopy Image Viewer.
Software for visualization of 3D and 4D microscopy datasets. [Online]. Available:

https://imaris.oxinst.com/imaris-viewer [Cited on page 59.]


https://doi.org/10.1038/s41467-024-46770-2
https://imaris.oxinst.com/imaris-viewer

FCUP|FEUP | 85
Development, Characterisation and Debugging of a custom Light Sheet Fluorescence Microscope

A. Immunofluorescence techniques

The fluorophore can either be conjugated to the primary antibody (direct), which recog-

nizes the antigen, or to a secondary antibody (indirect), which recognizes the primary.

Direct fluorescence Indirect fluorescence

secondary antibody

FIGURE A.1: lllustration of immunofluorescence techniques (from Ref. [6]).

Advantages of direct immunofluorescence include a shorter protocol and less chance
of cross-reactivity, but the greatest disadvantage is the low signal intensity. With indirect
immunofluorescence, multiple secondary antibodies may bind the same primary antibody

to amplify the fluorescent signal.
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B. Filters available on ALM LSFM

The filters available in each filter wheel, together with their target fluorophores and spectral

characteristics, are presented in Tables B.1 and B.2.

TaBLE B.1: Filter configuration in Filter Wheel 1.

Wheel Position Target Transmission
Fluorophore range
0 DAPI 452/45 nm
1 GFP 525/50 nm
2 YFP 545/25 nm
3 Alexa 568 610/75 nm
4 Alexa 647 700/75 nm

TABLE B.2: Filter configuration in Filter Wheel 2.

Wheel Position Target Transmission
Fluorophore range
0 DAPI 452/45 nm
1 GFP 525/50 nm
2 YFP 537/29 nm
3 Alexa 568 610/75 nm
4 Alexa 647 710/75 nm
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C. Supplementary Multimedia
C.1. ALM DLSM photographs

FIGURE C.2: Angled view of the ALM light sheet microscope.
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D. Experimental Calibration Data for Synchro-
nisation in Confocal Mode

For calibration of the confocal mode, the minimum scanner speed required for the scanned
beam to correctly fill the detector FOV was determined for each selected camera exposure

time. The corresponding values are presented in Table D.1.

TaBLE D.1: Experimental calibration data for confocal synchronisation.

Exposure Time Scanner Speed
(ms) (scanner units)
19.956451 129
19.001504 134
18.007579 137
17.003910 140
16.000241 145
15.006316 149
14.002647 154
13.008722 158
12.005053 165
11.001383 168
10.007459 173
9.003789 178
8.000120 186
7.006195 192
6.002526 200
5.008602 208
4.004932 216
3.001263 227
2.007338 237
1.003669 245
0.906226 249
0.506707 257
0.272842 258
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The relationships between exposure time and scanner speed obtained from the experi-

mental calibration are shown in Figure D.1 and are described by Equations D.1 and D.2.

texp = 0.0008 - z)gcanner —0.4635 - OUscanner + 66.224 (D1)
Uscanner = 0.2196 - 135, — 10.669 - texpp + 257.98 (D.2)
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FiIGURE D.1: Experimental calibration curves used to define the synchronisation

relationship between (a) camera exposure time and (b) scanner speed in Confocal
Mode.
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E. Supplementary Comparison between Wide-
field and Confocal Mode

This appendix presents a supplementary comparison between Widefield and Confocal
acquisition modes using neural crest cell spheroid samples, complementing the com-
parisons presented in Chapter 3. While the blood vessels labelled zebrafish (Subsec-
tion 3.3.1) and hydrogel (Subsection 3.3.2) samples showed clearer differences between
the two modes, the neurosphere dataset provides an additional example of the visual

differences that can be observed in a biological sample.

All neurosphere images were processed using Fiji [76], with identical brightness and con-
trast settings applied to each pairwise comparison. The comparison presented here was
performed using average-intensity Y projections, which made the differences between

Confocal and Widefield acquisition more visible.

E.1. Neural crest cell spheroid Sample

A representative comparison of a neural crest cell spheroid sample acquired in Confocal
Mode and Widefield Mode is shown in Figure E.1, where neural crest cells are labelled. In
this comparison, only the fluorescence signal associated with the 488 nm excitation laser
is shown. In both acquisition modes, the neural crest cell spheroid sample presents an
approximately spherical morphology, with fluorescence distributed throughout the internal
region of the sample. However, clear visual differences between the two modes can be

observed.

In the confocal-mode image (Figure E.1a), the background surrounding the spheroid ap-
pears darker, and the sample boundary is more clearly separated from the surrounding
signal. Internal fluorescence intensity variations are also more distinguishable, indicating

improved local contrast within the spheroid.

In contrast, the widefield-mode image (Figure E.1b) exhibits a broader diffuse signal
around the spheroid and a more pronounced high-intensity region within the sample. This
increased diffuse contribution partially reduces the visibility of local internal structures and

decreases the apparent contrast between the spheroid and the background.
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(A) Representative neural crest cell (B) Representative neural crest cell
spheroid image acquired in confocal spheroid image acquired in Widefield
rolling-shutter mode. mode.

FIGURE E.1: Qualitative comparison between (a) confocal rolling-shutter mode and (b)
widefield mode for a neural crest cell spheroid sample imaged with the 488 nm
excitation laser.Both images were acquired with Camera 1 at a sample angle rotation of
0° and are displayed using the same brightness and contrast settings. The confocal
image exhibits improved local contrast relative to the Widefield image.

These observations are consistent with the expected behaviour of the two modes: in
widefield imaging, fluorescence is integrated over the entire FOV of the detector, leading
to increased background and out-of-focus contributions. In contrast, the synchronised
rolling-shutter detection employed in confocal mode reduces unwanted out-of-focus light

signal and improves local contrast.
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F. Example of QC Report

This appendix presents an example of a Quality Control report (Chapter 4) for the light-
sheet beam corresponding to the blue laser (488 nm), measured using fluorescein at the
centre of the FOV with a GFP emission filter. The corresponding .csv data associated

with this study are available in Appendix G.2.

Quality Control Report (Both Cameras)

Timestamp: 2026-04-01T11:46:41
Beam used: 488 nm W

Intensity: 1 mW

Included cameras: Camera 1, Camera 2

Camera Angle Tilt (deg) Focus (col,row) Beam Waist at focus
Camera 1 0.626 (958,1107.83) 4.006 um
Camera 2 0.233 (1125,1100.09) 3.872 ym

(A) Page 1 of the QC report.

Results - Camera 1

Angle Tilt (deg): 0.626
Focus (col,row): (958,1107.83)
Beam Waist (FWHM at focus): 4.006 pm

FWHM graph:

FWHM vs Column (Camera 1)

FWHM (um)

—e— FWHM (data)
— Hyperbolic fit
4 @ Focus: x=958.07, y=4.01

0 500 1000 1500 2000
Column (px)

Camera snapshot + overlays (Camera 1):

(B) Page 2 of the QC report.
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Results - Camera 2

Angle Tilt (deg): 0.233
Focus (col,row): (1125,1100.09)
Beam Waist (FWHM at focus): 3.872 ym

FWHM graph:

FWHM vs Column (Camera 2)

—o— FWHM (data)
— Hyperbolic it
14 @ Focus: x=1125.17, y=3.87

12

FWHM (um)

o

0 500 1000 1500 2000
Column (px)

Camera snapshot + overlays (Camera 2):

(c) Page 3 of the QC report.

FIGURE F.1: Example of a Quality Control report for a LS beam measured at the centre
of the FOV using fluorescein and a GFP emission filter.
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G. External Resources
G.1. Software github repository

The code for developed software is available at the following repository:

https://github.com/diogojbf21/Development-Characterisation-and-Debugging-of-

a-custom-Light-Sheet-Fluorescence-Microscope/tree/main/software

G.2. Camera 1 vs Camera 2 beam tilt data

For Fluorescein, the data and QC report of beam tilt along light sheet between Camera 1

and Camera 2 is available at following repository:

https://github.com/diogojbf21/Development-Characterisation-and-Debugging-of-

a-custom-Light-Sheet-Fluorescence-Microscope/tree/main/Fluorescein_data

G.3. Beam Characterisation Data

All results obtained were compiled in an Excel spreadsheet available at the following

repository:

https://github.com/diogojbf21/Development-Characterisation-and-Debugging-of-
a-custom-Light-Sheet-Fluorescence-Microscope/blob/main/Beam_characterization.

x1lsx


https://github.com/diogojbf21/Development-Characterisation-and-Debugging-of-a-custom-Light-Sheet-Fluorescence-Microscope/tree/main/software
https://github.com/diogojbf21/Development-Characterisation-and-Debugging-of-a-custom-Light-Sheet-Fluorescence-Microscope/tree/main/software
https://github.com/diogojbf21/Development-Characterisation-and-Debugging-of-a-custom-Light-Sheet-Fluorescence-Microscope/tree/main/Fluorescein_data
https://github.com/diogojbf21/Development-Characterisation-and-Debugging-of-a-custom-Light-Sheet-Fluorescence-Microscope/tree/main/Fluorescein_data
https://github.com/diogojbf21/Development-Characterisation-and-Debugging-of-a-custom-Light-Sheet-Fluorescence-Microscope/blob/main/Beam_characterization.xlsx
https://github.com/diogojbf21/Development-Characterisation-and-Debugging-of-a-custom-Light-Sheet-Fluorescence-Microscope/blob/main/Beam_characterization.xlsx
https://github.com/diogojbf21/Development-Characterisation-and-Debugging-of-a-custom-Light-Sheet-Fluorescence-Microscope/blob/main/Beam_characterization.xlsx
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H. Example of a MetroloJ_QC field-illumination
analysis in widefield mode

This appendix presents an example of a field-illumination analysis performed with the
MetroloJ_QC plugin for the Nile Blue dataset acquired in Widefield Mode. This exam-
ple complements the Confocal Mode analysis presented in Section 4.4, allowing direct

comparison between the illumination uniformity obtained in both acquisition modes.

The image shown in Figure H.1 corresponds to the field-illumination pattern generated by
Metrolod_QC for the 640 nm excitation condition using Nile Blue. As discussed in Sec-
tion 4.4, this condition presented the lowest field-uniformity value among the tested wave-

lengths, making it a representative example of the most challenging illumination case.

°o
-90%
80-90%

90-100%

FIGURE H.1: Example of a MetroloJ_QC field-illumination analysis for the Nile Blue dataset
acquired in Widefield Mode. The image corresponds to the 640 nm excitation condition and
illustrates the spatial illumination pattern used to calculate the field-uniformity value reported in
Section 4.4.
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