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Abstract

The trend towards laboratory automation has resulted in an increasing demand for efficient
quality control of cell cultures, driving the development of high-throughput solutions. A widely
used method in quality control in cell cultivation is phase contrast microscopy, as it allows
for the visualization of high-contrast images without requiring cell staining. However, its
effectiveness is limited by the meniscus effect, which confines the visible region in cell culture
vessels, such as microtiter plates (MTPs), to the small flat center of each well. Moreover,
state-of-the-art phase contrast microscopy is time-consuming for large samples. This thesis
addresses both limitations by exploring a rapid method to counteract the meniscus effect in
well plates, enabling the acquisition of high-contrast composite images across entire wells.

A meniscus effect compensation technique termed adaptive phase contrast microscopy is
developed, which inserts adaptive elements into the microscope’s illumination path. Exper-
iments revealed that replacing the fixed condenser annulus with a Liquid Crystal Display
(LCD) yields the best results among adaptive elements, outperforming an adjustable liquid-
filled prism. High-speed imaging is achieved through a continuous scanning technique that
captures numerous microscopy images during sample movement, which are subsequently
stitched into a large composite image. The LCD adaptively modifies the illumination for each
image to compensate for the meniscus effect.

To evaluate the phase contrast area within MTPs, the relative background intensity in images
proved to be a reliable indicator of phase contrast conditions. Experimental results demon-
strate that adaptive phase contrast microscopy significantly enhances the phase contrast
area. The phase contrast area increased up to ninefold, depending on the MTP type and
magnification used. Key factors influencing the phase contrast area include the magnifica-
tion and numerical aperture of the objective lens, shading from the well walls, image field
curvature, and total internal reflection at steep surface angles. Notably, the rapid acquisition
speed, matching the LCD’s refresh rate of 60 Hz, did not compromise image quality.

Furthermore, experiments demonstrated that imaging durations could be effectively reduced
to be only slightly slower than those achieved by high-speed microscopy for conventional
phase contrast microscopy, and up to 25 times faster than traditional stop-and-go methods.
Crucial factors affecting acquisition speed include the LCD’s refresh rate and latency, the
necessity to limit acceleration to prevent liquid sloshing, and the range of the microscope
stage.

In conclusion, it was demonstrated that the phase contrast area in MTPs can be significantly
enhanced through meniscus effect compensation, and high-speed imaging is feasible with-
out degrading image quality.




Zusammenfassung

Der Trend zu vollstandig automatisierten Laboren steigert die Nachfrage nach Qualitatskon-
trolle von Zellkulturen und treibt die Entwicklung von Hochdurchsatzmethoden voran. Eine
weitverbreitete Methode zur Qualitatskontrolle bei der Zellkultivierung ist die Phasenkon-
trastmikroskopie. lhre Wirksamkeit wird jedoch durch den Meniskuseffekt eingeschrankt,
der den sichtbaren Bereich in ZellkulturgefaBen wie Mikrotiterplatten (MTPs) auf die kleine
flache Mitte jedes Wells beschrankt. Darlber hinaus benétigt Phasenkontrastmikroskopie
sehr lange, um groBBe Proben zu scannen. Diese Arbeit adressiert beide Herausforderung
durch die Entwicklung eines Verfahrens, das den Meniskuseffekt in MTPs kompensiert, um
kontrastreiche Bilder vollstandiger Wells aufzunehmen.

Dazu wird die Technik der adaptiven Phasenkontrastmikroskopie entwickelt, bei der adap-
tive Komponenten in den Beleuchtungspfad des Mikroskops integriert werden. Experimente
zeigen, dass der Austausch der festen Ringblende durch einen Flissigkristallbildschirm
(LCD) die besten Ergebnisse aller adaptiven Komponenten hinsichtlich Bildqualitat und
Geschwindigkeit liefert. Hochgeschwindigkeits-Bildaufnahmen werden durch eine Scan-
Methode mit kontiuierlicher Probenbewegung erzeugt, bei der Bilder fortlaufend aufgenom-
men werden. Gleichzeitig passt das LCD die Beleuchtung zur Meniskuskompensation in
Echtzeit an, was eine signifikante VergréBerung der Phasenkontrastflache ermdéglicht.

Zur Evaluierung dieser Flache hat sich ein Verfahren auf Basis der relativen Hintergrund-
intensitat als zuverlassig erwiesen. Die Phasenkontrastflache konnte je nach MTP-Typ
und VergréBerung um das bis zu Neunfache gesteigert werden. Die VergréBerung und
numerische Apertur des Objektivs, Abschattung durch Well-Wéande, Bildfeldwdlbung und
Totalreflexion stellen wesentliche Einflussfaktoren auf diesen Wert dar. Die hohe Aufnah-
megeschwindigkeit, die der Bildwiederholrate des LCDs von 60 Hz entspricht, beeintrachtigt
die Phasenkontrastflache dagegen nicht.

Dartber hinaus belegen Experimente, dass die Dauer der Bildaufnahme so weit reduziert
werden kann, dass dieser Prozess nur geringfiigig langsamer ist als die High-Speed-Mikro-
skopie bei Standard-Phasenkontrastmikroskopie und bis zu 25-mal schneller als herk6mm-
liche Stop-and-Go-Methoden. Hierbei bilden die Bildwiederholrate und die Latenzzeit des
LCD-Bildschirms, die Begrenzung der Beschleunigung zur Vermeidung von Flissigkeits-
schwappen und der Verfahrbereich des Mikroskoptisches limitierende Faktoren.

Zusammenfassend zeigt sich, dass durch die Kompensation des Meniskuseffekts die Pha-
senkontrastflache in MTPs erheblich vergréBert werden kann, und dass Hochgeschwin-
digkeitsaufnahmen ohne Beeintrachtigung der Bildqualitat méglich sind, was die Anwend-
barkeit der Phasenkontrastmikroskopie in der Zellkulturiberwachung erheblich verbessert.
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1 Introduction

Biotechnology has emerged as a rapidly expanding industry that has garnered significant at-
tention in the 215! century [Mar21]. Itis a driving force behind advancements and innovations
in medicine, facilitating the development of personalized medicine, novel therapies, and tar-
geted treatments [Gui22; Hop20]. These advancements necessitate a substantial increase
in the production of biotechnological products, rendering manual laboratory processes insuf-
ficient for both their development and manufacture [Bie21]. To enhance throughput and man-
age increasingly complex processes, laboratory tasks currently performed manually must be
automated [Jai11; Lip19].

A crucial aspect of laboratory automation is cell cultivation, such as for the development
of advanced therapy medicinal products (ATMPs) [Och22]. Automated cell culture systems
provide precise control over environmental parameters, resulting in enhanced experimental
reproducibility, reduced variability, and increased throughput. To achieve these benefits,
advanced screening methods are essential for monitoring cell cultures throughout all growth
phases [Bou15]. For efficient automated cell cultivation, a screening method must support
high-throughput capabilities.

Microscopy is one of the most prevalent methods for cell screening today. Phase contrast
microscopy, invented by Frits Zernike in the 1930s, is widely utilized for observing trans-
parent objects [Pip12; Zer42]. This technique allows for the visualization of living cells by
increasing the contrast without the need for staining or labeling, thereby avoiding harm to
the cells and serving as a common alternative to fluorescence microscopy [Dav07; Yin12].

However, phase contrast microscopy faces a challenge known as the meniscus effect
[Hor06; Mur12]. This effect arises because cells are typically cultivated in transparent plas-
tic vessels, known as microtiter plates (MTPs), which allow for the simultaneous growth of
individual cell cultures in separate cylindrical wells filled with cell culture medium. Due to
capillary forces, the surface of the medium is not flat but forms a liquid lens, referred to
as the meniscus [Fuc23]. The refraction caused by the meniscus curvature reduces image
contrast near the edges of a well. Consequently, only a limited area within a cell culture
vessel is observable using phase contrast microscopy — this area is referred to as phase
contrast area within this thesis. The observable area varies from approximately 30% to less
than 2%, contingent upon the well diameter. The severity of the meniscus effect is more
pronounced in vessels with smaller diameters.

This limitation to phase contrast microscopy poses a significant challenge for applications
aiming for 100% quality control, such as drug discovery [Bla20; Lin20]. Additionally, because
cell cultures experience varying growth conditions due to differential access to resources,
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growth within MTPs can be inhomogeneous, making it misleading to observe only the center
of a well [Man21]. Nevertheless, the increasing demand for higher throughput drives the
use of MTPs with more wells and smaller diameters, thus exacerbating the impact of the
meniscus effect [Fuc23].

Phase contrast microscopy is also a time-consuming process. Given that laboratory au-
tomation aims to boost throughput, there is a significant demand to speed up microscopy
methods [Sch15]. One strategy to enhance throughput is high-speed microscopy (HSM),
initially proposed by Friedrich Schenk [Sch16a]. This approach captures high-resolution im-
ages of large samples by continuously acquiring images as the sample moves. As a result,
MTPs can be imaged within minutes, as opposed to taking three hours or more. However,
this method has only been employed with conventional phase contrast microscopy so far,
meaning the meniscus effect remains unaddressed.

This thesis aims to address these challenges by introducing a high-throughput phase con-
trast microscopy technique designed to compensate for the meniscus effect. It will as-
sess the factors that influence phase contrast conditions and imaging time. The proposed
method, termed adaptive high-speed phase contrast microscopy, aims to automatically cap-
ture high-resolution images of entire MTPs, achieving phase contrast conditions extending
closer to the edge of a well. To accomplish this, a mechanism counteracting the refraction
induced by the meniscus effect will be investigated to restore optimal phase contrast condi-
tions. Initially, the thesis focuses on phase contrast compensation without incorporating the
high-throughput component; in this context, the method is termed adaptive phase contrast
microscopy.

The primary objective of this thesis is to explore a method that effectively enlarges the
observable area in cell culture vessels via phase contrast microscopy, utilizing a high-speed
scanning approach to minimize acquisition time. Thus, the main research question is:

Can the optical compensation of the meniscus effect in phase contrast microscopy
be performed during sample movement in combination with continuous image acqui-
sition?

This main research question is further supplemented by sub-research questions (SRQs),
which will be formulated through an analysis of the state of the art in Chapter 3.

1.1 Research Procedure

The research procedure of this thesis is based on the empirical sciences research method-
ology as outlined by Ulrich [UIr81], contrasting with the more theoretical approaches typical
of formal sciences. This approach is selected because the problem originates from ob-
servations of real-world issues in practical applications. A solution is thus developed and
evaluated in close connection with these applications. The goal is to create a solution that
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can be implemented in practice without the need for completely redeveloping phase contrast
microscopes.

The initial step of this thesis involves analyzing scientific and technical literature to investi-
gate existing solutions. Useful existing methodologies are adapted for specific sub-problems
and integrated with newly developed problem-specific theories to construct a framework ca-
pable of addressing the thesis’s specific problem. Solution strategies are iteratively evalu-
ated through experimental testing. Implementing and assessing these strategies forms a
critical component of the research process.

Ultimately, a comprehensive solution approach is developed, integrating strategies for partial
problems. Validation is performed using a practice-relevant use case, namely the observa-
tion of mesenchymal stem cells (MSCs). Results are compared with existing approaches
and analyzed within their application context to underscore practical relevance.

1.2 Structure of the Thesis

This thesis is organized into eight chapters, which are introduced in this section. Figure 1.1
illustrates how the seven steps of Ulrich’s research methodology correspond to the chapters
of this thesis. Each SRQ is explored in an individual chapter. These chapters detail the
methodology specific to the SRQ, along with experiments and validation processes.

1. ldentification and typification of practical problems 1. Introduction

2. Identification and interpretation of problem-relevant

theories and hypotheses of empirical basic sciences 2% RIS D e e L Eze 5

3. State of the Art of the Meniscus Effect
in Phase Contrast Microscopy

3. Identification and specification of problem-relevant
methods of formal sciences

[ 4. |dentification and investigation of the relevant

4. Quantitative Measurement of Phase Contrast
N . SRQ1
application context Conditions
5. Derivation of assessment criteria, design rules and
models
6. Testing the rules and models in the application 6. Evaluation of Phase Contrast Area Through
} ; SRQ3
context Stop-and-Go Meniscus Effect Compensation
) 7. High-Speed Meniscus Effect Compensation
A I L Using a Continuous Scanning Method Sl

8. Summary and Outlook

NN

5. Assessment of Adaptive Components ’~ SRQ2

Figure 1.1: Thesis structure in correspondence to Ulrich [UIr81].

Chapter 1 — Introduction This chapter sets the research context and articulates the main
research question. The methodology underlying the research is outlined, and the thesis
structure is contextualized within this framework.
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Chapter 2 — Fundamentals and Methods Chapter 2 presents essential concepts that
are crucial for understanding this thesis. It provides an overview of the methods commonly
applied throughout the thesis, encompassing optical principles, light microscopy, optoelec-
tronic devices and equipment utilized in phase contrast microscopy, as well as digital image
processing techniques.

Chapter 3 — State of the Art of the Meniscus Effect in Phase Contrast Microscopy
Chapter 3 focuses on the meniscus effect observed in cell cultures within MTPs and explores
mitigation strategies. The application of high-speed microscopy for biological samples is ini-
tially examined. Subsequently, the causes and impacts of the meniscus effect are analyzed.
The chapter then examines methods to quantify the area within an MTP that is unaffected
by the meniscus effect, where optimal phase contrast conditions can be established. A sys-
tematic literature review assesses existing approaches to counteract the meniscus effect
and identifies their limitations. This review leads to the identification of research gaps and
the formulation of four SRQs.

Chapter 4 — Quantitative Measurement of Phase Contrast Conditions Chapter 4 is
devoted to developing a metric for quantifying phase contrast conditions within an MTP.
Such a metric is crucial for validating the solution against existing methods, prompting a
study to identify suitable criteria. One criterion is identified that effectively indicates phase
contrast conditions within a cell culture vessel. Based on this criterion, an algorithm is
devised to quantify the phase contrast area within a well in an MTP.

Chapter 5 - Assessment of Adaptive Components The analysis of the state of the art
concludes that adaptive optical components are necessary to compensate for refraction at
the meniscus surface across the MTP. Chapter 5 conceptualizes various adaptive compo-
nents to regulate the light beam path within the microscope. These components are eval-
uated based on specific criteria through general considerations, experiments, and optical
simulations.

Chapter 6 - Evaluation of Phase Contrast Area through Stop-and-Go Meniscus Effect
Compensation Chapter 6 details a measurement procedure designed to maximize the
phase contrast area. A demonstrator setup is developed, incorporating an adaptive com-
ponent. The chapter includes the development of the procedure and its validation through
experiments. To mitigate issues associated with high-speed imaging using continuous scan-
ning and to provide a reference for subsequent experiments, this procedure utilizes a stop-
and-go scanning process, pausing for each image acquisition. An empirical method is also
devised to calculate optimal parameters for the adaptive components. Experimental valida-
tion determines the phase contrast area for various MTP types and magnifications.
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Chapter 7 - High-Speed Meniscus Effect Compensation using a Continuous Scanning
Method Chapter 7 expands upon the methodology from Chapter 6 to enhance acquisition
time by employing high-speed image acquisition during continuous sample movement. This
chapter presents an advanced concept, its experimental validation, and a discussion of the
results. Initially, the chapter discusses the factors that limit acquisition time. Subsequently,
the procedure and its software implementation are developed. Comprehensive validation
through experiments is conducted to evaluate acquisition time and assess the impact of
high-speed scanning on the phase contrast area. Finally, the results are discussed and
compared to competing approaches.

Chapter 8 - Summary and Outlook Chapter 8 summarizes the thesis and evaluates its
results. The outlook presents ideas for further scientific utilization of the project results.
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2 Fundamentals and Methods

This chapter presents key concepts essential for understanding the methodologies and
frameworks discussed in this thesis, along with the methods employed. Section 2.1 outlines
optical principles pertinent to phase contrast microscopy and the adaptive elements utilized
to mitigate the meniscus effect. The fundamentals of light microscopy for cell observation in
general and phase contrast microscopy in particular are outlined in Section 2.2. Optoelec-
tronic devices, which are designed to convert light into electrical signals or vice versa, are
detailed in Section 2.3, including scientific cameras. Images captured by scientific cameras
in microscopy are typically subjected to digital image processing for analysis. Given the
reliance of several methods in this thesis on image processing, foundational techniques in
digital image processing are delineated in Section 2.4.

2.1 Optical Principles Relevant for Adaptive Phase Contrast
Microscopy

Phase contrast microscopy employs visible light, consisting of electromagnetic waves with
wavelengths ranging from 380 nm to 740 nm, to capture magnified images of specimens
[Mur12; Nec22]. The formation of images involves various optical effects, which can be
categorized into ray optics and wave optics [Bor86]. Wave optics are applicable when the
interacting objects are similar in size to the wavelength, whereas ray optics are suitable for
scenarios where the wavelength is significantly smaller than the object [Sal20]. This section
explores the pertinent optical phenomena for phase contrast microscopy, starting with wave
optics before addressing ray optics. A detailed introduction to the operational principle of
phase contrast microscopes is afterwards provided in Section 2.2.

2.1.1 Interference

When multiple electromagnetic waves coexist in space and time, they collectively form a
combined wave function. This resultant wave function arises from the superposition of all
individual wave functions [Sal20]. However, the optical intensity of this resultant wave is
not simply the sum of the individual intensities due to the phenomenon known as interfer-
ence. For two monochromatic waves with complex amplitudes, their superposition can be
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mathematically expressed by Equation 2.1 [Sal20]:

where U, Uy, and Us represent the complex amplitudes, and 7~ denotes the spatial position
and ¢ the time. The relationship between a wave’s amplitude U; and its intensity /; is given
by Equation 2.2 [Sal20]:

Uy = /Tr exp (i), (2.2)

where ¢ signifies the phase of the light and ¢ is the imaginary number. Transforming Equa-
tion 2.2 leads to Equation 2.3:
L =|Uy)?, (2.3)

where the || operator denotes the absolute value in terms of the time ¢. Substituting Equa-
tions 2.1, 2.2, and 2.3 into each other results in Equation 2.4, which is called the interference
equation [Sal20]:

I=0L+1+2yI1Iscos¢ (2.4)

with ¢ = ¢2 — ¢1. This equation underscores that, due to its non-linearity, during the
superposition of two light waves, the individual intensities cannot be simply added. Instead,
the resultant intensity is dependent on the phase difference between the two waves. When
both waves possess identical amplitudes, such as when originating from the same source,
and the phase difference is ¢ = 0, the interference equation simplifies to Equation 2.5
[Sal20]:

I=1+11+2+v/I1I1cos0 =41, (2.5)

resulting in an amplitude described by Equation 2.6 [Sal20]:
U = 2U;. (2.6)

This phenomenon is known as constructive interference. Conversely, if the phase difference
is ¢ = m, the intensity becomes I = 0, and consequently the amplitude U = 0. This is
referred to as destructive interference. In cases where two waves with different wavelengths
interfere, the superposition must be calculated by integrating the wave functions over all
wavelengths, which can be accomplished using a Fourier transform.

2.1.2 Diffraction

Diffraction is a phenomenon that occurs when light waves encounter an obstacle or aperture,
causing them to bend or spread, as explained by Huygens’ principle [Sal20]. This bending
enables light to illuminate regions that would otherwise be in the shadow of the obstacle.
When a light beam traverses multiple small apertures, the secondary wavelets produced
by each aperture interfere with each other, resulting in characteristic interference patterns.
This effect is most pronounced when the aperture size is on the order of the wavelength
of the light. Diffraction through one or more apertures can be mathematically described by
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Equation 2.7 [Bor86]:
wsin 0, = nA (2.7)

where w represents the aperture width, n is a positive integer, A denotes the light's wave-
length, and 6, is the angle corresponding to the n'" minimum of light intensity.

2.1.3 Polarization

In an electromagnetic wave, the magnetic field B and the electric field H are orthogonal to
each other and the direction of light propagation, as illustrated in Figure 2.1 [Nec22].

Lobad

X
Figure 2.1: Electromagnetic wave with wavelength A (adapted from [Com23]).

A light ray typically consists of multiple waves that travel in the same direction [Haz22].
When all these waves oscillate in a single plane, they are termed linearly polarized. The
polarization direction is defined by the orientation of the electric field. Light can oscillate en-
tirely within the plane of the electric field, referred to as transverse electric or s-polarized, or
entirely within the plane of the magnetic field, known as transverse magnetic or p-polarized.
Besides linear polarization, circular and elliptical polarizations are also possible.

In natural light and most artificial light sources, the orientation of wave oscillations is ran-
dom, resulting in unpolarized light. Polarized light can be generated from unpolarized light by
passing it through a polarization filter (also called a polarizer), which permits only the com-
ponent of light waves aligned with a specific polarization direction to pass through. When
already polarized light traverses a polarizer, the intensity of the transmitted light is reduced
according to Malus’s law, expressed in Equation 2.8 [Mur12]:

I = Iycos?¢, (2.8)

where [ is the intensity after the polarizer, Ij is the initial intensity, and £ is the angle between
the polarization axis of the incoming light and the polarizer. Consequently, light aligned with
the polarizer’s orientation remains unaffected, whereas light perpendicular to it is completely
blocked.
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2.1.4 Reflection and Refraction

When light encounters the boundary between two phases, it undergoes reflection and re-
fraction. This principle is most effectively described using ray optics. Reflection occurs
when part or all of the incident ray is redirected back into the original medium, maintaining
the same angle of reflection 6..aection @S the angle of incidence 6;, relative to the normal
vector perpendicular to the surface, as expressed by Equation 2.9 [Gre04]:

Oreflection = 0;- (2 . 9)

The remaining portion of the light is refracted, meaning it enters the second medium and
changes its direction. Figure 2.2 demonstrates a light ray transitioning from a less dense to
a denser medium, with components both reflected and refracted. The angle of refraction, 6.,
can be calculated from the angle of incidence using Equation 2.10, which is called Snell’s
law [Gre04]:

nq sin (0;) = ng sin (6,), (2.10)

where n, and ny denote the refractive indices of the initial and subsequent media, respec-
tively. In a denser optical medium, the angle 6 is smaller due to the medium’s higher refrac-
tive index.

ivi

|

|

[

1
n, i?ﬁ

1

1

1

1

1

Figure 2.2: Principle of refraction and reflection (adapted from [Gre04]). The relationship between
the refractive indices is no > nq, therefore, 6, < 6;.

When a ray moves from a medium with a higher refractive index to one with a lower refractive
index, there is a critical angle of incidence 6, that results in an angle of refraction of 90°,
which is expressed by Equation 2.11 [Gre04]:

nq sin (6;) = ng sin (90°) (2.11)
§, = arcsin (”2> (2.12)
ni

Exceeding this critical angle causes all light to be reflected, a phenomenon known as total
internal reflection [Axe01; Haz22].
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To determine the proportion of light that is reflected and refracted, the reflective coefficient
R is described by the Fresnel equations, which indicate the fraction of reflected light inten-
sity relative to the incident light intensity [Bor86]. The reflective coefficient consists of two
components: R for s-polarized light and R, for p-polarized light, which are calculated by
Equation 2.13 and Equation 2.14 [Bor86]:

_ (nicos (0;) —nacos (6:)\°
fls = (nl cos (0;) 4+ ng cos (GT)> ’ (2.13)

_ (mnycos(8,) —nacos (6;)\?
Rp B (nl Ccos (97“) + ng COoS (91)> ) (214)

The effective reflection R is given by Equation 2.15 [Bor86]:

1
The part of light that is not refracted is transmitted, with the share of transmitted light denoted
by the transmission coefficient T, which is calculated by Equation 2.16 [Bor86]:

T=1-R. (2.16)

In optically anisotropic materials, the refractive index varies with the polarization and prop-
agation direction of light [Mur12]. This characteristic, known as birefringence, results in
double refraction, where a light ray traversing the material is divided by polarization into two
distinct rays, each following slightly different paths.

2.1.5 Lenses

Lenses are transparent objects, typically made of glass or plastic, that magnify objects by
manipulating light rays through refraction [Sal20]. An ideal lens focuses parallel light rays
at a singular focal point F. Lenses are often approximated as thin when their thickness
is significantly smaller than their focal length f, which simplifies optical calculations. The
optical properties of lenses are governed by the lens equation (Equation 2.17) [Gre04]:

1 1 1

7T + & (2.17)
where d, represents the object distance and d; the image distance from the lens. Convex
lenses are distinguished by a positive focal length, whereas concave lenses possess a neg-
ative focal length. The faces of a lens can be shaped differently, allowing for combinations
of convex and concave configurations. Figure 2.3 illustrates the magnifying characteristics
of a bi-convex lens.
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Figure 2.3: lllustration of the magnifying characteristics of a bi-convex lens with focal length f. The
object H is magnified, appearing as the image H’' (adapted from [Gre04]).

2.1.6 Prisms

Prisms are optical components typically characterized by the extrusion of a plane polygon,
which disperse light and modify its path through refraction [Gre04]. To operate as a prism,
light must traverse two surfaces angled towards each other. When light passes through such
angled surfaces, its trajectory is altered. If the surfaces are parallel, however, the refractions
cancel each other out, resulting in only a lateral shift of the light beam. The most common
type is the triangular prism, often referred to as a wedge, which is depicted in Figure 2.4
[Kau23]. The degree of beam deflection increases with the wedge’s opening angle. Due
to the wavelength dependence of the refractive index, light of varying wavelengths exits the
prism at distinct angles.

2.1.7 Beam Splitters

Beam splitters are optical devices that divide an incident light beam into multiple separate
beams through reflection and transmission [Nec22]. They are widely utilized in various opti-
cal systems, including microscopes and interferometers. The ratio of transmitted to reflected
light is defined by the transmission and reflection coefficients, where R + 1" = 1 according
to Equation 2.16. Beam splitters are often configured to achieve R = T = 0.5. Certain
beam splitters can transmit light within a specific wavelength band while reflecting light of
other wavelengths, and these are termed dichroic.
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Figure 2.4: White light passing through a triangular prism, where ny > n;. The light is dispersed
into its components. The angles of incidence 6, ; and 60, » and angles of refraction 0, ; and 0,2
are shown for the green component of the light.

2.1.8 Petzval Field Curvature

Petzval field curvature is an optical aberration that projects a fronto-parallel planar surface
onto a curved image surface [Nec22; Wan14]. This results in a region where the original
object is sharply represented on the image plane while areas farther from it become progres-
sively defocused and blurred. This phenomenon is schematically illustrated in Figure 2.5.

Object Surface Lens Image Surface

Figure 2.5: Effect of Petzval field curvature, transforming a planar surface into a curved surface
(illustration based on [Mat15]).

The field curvature can be mathematically described by the Petzval sum P, given by Equa-

tion 2.18 [Mat15]:
1 1

P:—: _—
.lnifi,

rp
where rp is the radius of the Petzval field curvature, k is the number of optical elements (e.g.,
lenses), n; denotes the refractive index of each element, and f; is the focal length of each
element. A higher Petzval sum indicates greater optical aberration due to different optical

(2.18)

1=
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path lengths caused by the field curvature. Other optical aberrations, such as spherical
aberration, also degrade image quality by causing light rays from the periphery of a spherical
lens to focus at a slightly different point than rays passing through its center. Correcting
Petzval field curvature often necessitates additional lens elements to flatten the image plane,
employing lenses with both positive and negative focal lengths. Therefore, objective lenses
in microscopes typically comprise multiple lenses. Field curvature is not limited to glass
lenses but occurs in any object functioning as a lens, such as a liquid meniscus.

2.1.9 Scattering

Scattering describes the deviation of light from its initial trajectory due to interactions with
particles or irregularities within a medium [Nec22]. The extent and nature of scattering are
determined by the size of these particles or irregularities in relation to the wavelength of the
incident light. If the particles or irregularities are significantly larger than the wavelength,
the principles of ray optics apply. In such cases, scattering results from multiple refractions
at different particles, leading to diffuse light. Conversely, if the particles or irregularities are
similar in size or smaller than the wavelength, wave optics principles dominate. In this case,
scattering arises from interference and diffraction phenomena.

2.2 Light Microscopy for Cell Observation

Light microscopes are used in cell cultivation to magnify small objects like cells in cell cul-
tures [Nec22]. Cell cultures are grown inside MTPs as specimens on the microscope stage.
Magnification is achieved by directing light through a series of lenses and mirrors, which
work in tandem to enlarge the specimen’s apparent size. The overall magnification is the
product of the magnification factors of the objective lens with the ocular lens or tube lens.
Observers may use their eyes with manual microscopes or employ cameras in digital sys-
tems to view the magnified image. Given the transparent or semi-transparent nature of bi-
ological specimens and their cultivation in transparent vessels, transmitted light microscopy
is favored over other modes for these applications [Mur12].

2.2.1 Transmitted Light Microscopy

Transmitted light microscopy involves illuminating the specimen from one side while the
objective lens is placed on the opposite side, allowing light to pass through the specimen
[Mur12]. This configuration enables differentiation of the specimen from the background
based on variations in light intensity. Different light intensities result from spatial variations
in specimen thickness, density, and material.

Techniques within transmitted light microscopy include brightfield, darkfield, and phase con-
trast microscopy [Mur12]. Brightfield microscopy represents the most straightforward form
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of transmitted light microscopy, suitable for examining specimens that partially or fully ab-
sorb transmitted light. Conversely, phase contrast microscopy is specifically designed for
viewing transparent specimens [Mua18]. Figure 2.6 illustrates a simplified optical path of a
transmitted light microscope applicable to both brightfield and phase contrast microscopy.

Condenser lens Objective lens Tube lens Camera lens

Light source A A

L\ G Image sensor
Specimen Image plane

Figure 2.6: Working principle of an infinity-corrected transmitted light microscope (inspired by
[Mur12; Nec22; Pel20]). The tube lens and camera lens can also be integrated into a single
lens.

A light source is essential for directing illumination toward the specimen [Mur12]. Typically,
a condenser lens focuses the light from the source onto the specimen. The specimen is
positioned on a microscope stage, enabling precise adjustments in the x and y directions.
Focus is maintained by adjusting the z-position of the stage, or alternatively, by altering the
distance of the objective lens relative to the specimen. The objective lens gathers light that
interacts with the specimen, forming a magnified real image at the intermediate image plane
near the ocular [Nec22]. For optimal imaging, the specimen must be aligned within the focal
plane of the objective lens.

Modern microscopes generally employ infinity-corrected optics, wherein light rays exiting
the objective lens remain parallel if they emanate from the same source [Mur12; Nec22].
This configuration allows for variable distances between the objective lens and tube lens
and facilitates the integration of additional optical components such as mirrors, filters, and
beam splitters beyond the objective. The tube lens subsequently focuses these parallel rays
at an intermediate image plane. The light is then directed either to a camera (in digital
microscopes) or to the observer’s eyes (in manual microscopes). In manual systems, an
eyepiece, also called an ocular lens, provides additional magnification for the observer. In
real-world microscopes, the objective lens, condenser lens, and ocular are composed of
multiple lenses to correct artifacts such as image distortion due to chromatic aberration,
spherical aberration or field curvature.
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2.2.2 Resolution Limit in Light Microscopes

The optical resolution of a microscope is fundamentally limited by diffraction. This limitation
is characterized by the point spread function, which defines the minimum distance between
two points that can be resolved as distinct objects. The minimum resolvable distance d, as
formulated by Ernst Abbe, differs among various microscopy techniques. For transmitted
light microscopes, this distance is expressed by Equation 2.19 [Mur12]:

A

d= .
NAObjective + NACondenser

(2.19)

Here, )\ denotes the wavelength and NA represents the numerical aperture (NA), which
quantifies the light-gathering capacity of an optical system and its ability to resolve fine
details. It is defined by the maximum angle of light rays entering the optical system relative
to the object, as expressed by Equation 2.20 [Mur12]:

NA = nsina, (2.20)

where n describes the refractive index of the surrounding medium and « is the aperture
angle to the vertical. Figure 2.7 illustrates the geometric construction of the numerical aper-
ture.

objective lens

<

& specimen

Figure 2.7: Numerical aperture as opening angle « of the optical component (adapted from [Wik25]).

The resolution defined by Equation 2.19 is attainable only when the focal points of the con-
denser and objective lenses coincide, with their optical axes aligned [Mur12]. Additionally, it
is essential to uniformly illuminate the entire region of interest (ROI) in the specimen plane.
This condition is called Kéhler illumination. It ensures that each point of the specimen is pre-
cisely projected onto a corresponding point in the image plane, resulting in a sharp image.
Minor deviations in alignment are permissible and can still yield sharp images if the deviation
in the focal point remains smaller than the camera’s pixel size in digital microscopy.

The maximum permissible deviation in focal distance is termed the depth of field or fo-
cal depth. In diffraction-limited optics, the depth of field Z is described by Equation 2.21

[Mur12]:

nA
7 = NAE (2.21)
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where n is the refractive index of the surrounding medium and X is the wavelength of light.
This equation indicates that while high NAs enhance resolution, they simultaneously reduce
the depth of field significantly.

2.2.3 Phase Contrast Microscopy

Specimens that appear darker than their surroundings by blocking transmitted light in mi-
croscopy are referred to as amplitude objects, which attenuate the light's amplitude [Mua18].
Conversely, transparent objects do not affect the light's amplitude, making them invisible un-
der brightfield microscopy. Phase contrast microscopy is specifically developed to render
these transparent objects visible. Due to their optical density being higher than the sur-
rounding medium, transparent objects induce a phase shift in the light, categorizing them as
phase objects. This phenomenon is illustrated in Figure 2.8.

Y
Reference | \ | \ [ \ [ v | v /v [ A | S
wave
Y
Amplitude
object V] V[ V[ \ 7/ \/ \/ \/ ¢
specimen
Y
Phase | \ | \ [ | | | 0 U Y T I
object
L |
specimen

Figure 2.8: Difference between amplitude objects and phase objects (adapted from [Mur12]). The
x-axis denotes the spatial extension of the wave, whereas the y-axis represents its amplitude.
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Phase contrast microscopy, developed by Dutch physicist Frits Zernike in the 1930s, em-
ploys interference (see Section 2.1.1) between light that has traversed the objects and light
that has not [Zer55]. Zernike’s innovation earned him the Nobel Prize in Physics in 1953
[Mur12]. It enhances the visibility of transparent specimens without the need for stain-
ing, enabling detailed examination of structures such as cells, organelles, and microorgan-
isms, thus proving invaluable in laboratory automation processes [Och21]. A schematic
diagram demonstrating the operational principle of phase contrast microscopy is shown in
Figure 2.9.

Figure 2.9: Cross-sectional schematic diagram illustrating the beam path in a phase contrast mi-
croscope. The alignment of the condenser annulus and phase ring establishes the necessary
conditions for phase contrast. The sectional view depicts interference between phase-shifted and
undisturbed light. 1) Light source. 2) Condenser annulus. 3) Condenser lens. 4) Liquid medium.
5) Specimen. 6) Phase ring. 7) Objective lens. 8) Phase-shifted direct light wave. 9) Undisturbed
scattered light wave.

The process begins with partially coherent light emitted by a light source. This light passes
through a condenser annulus, also known as a ring aperture, annular diaphragm, phase
annulus, or phase stop, converting it into a hollow cone of illumination [Mur12]. While cone-
shaped illumination is not strictly necessary, it achieves a higher NA compared to other con-
figurations, such as simple central circular illumination [Zer55]. Alternative methods have
also been developed, including configurations featuring multiple circular apertures [Mau08].
The illumination is focused onto the specimen by the condenser lens, similar to a conven-
tional transmitted light microscope [Mur12]. Upon reaching the specimen plane, some light
interacts with the specimen, which possesses a higher refractive index than its surround-
ings. This interaction retards the phase of the light due to its reduced speed in the denser
medium. Additionally, the specimen scatters the light, while light that does not interact with
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the specimen continues directly. Subsequently, the objective lens collects the light. Un-
like conventional objective lenses, a phase contrast objective lens integrates a phase ring.
The phase ring, situated directly in the path of the direct light and composed of an optically
denser material, induces a phase shift in the transmitted light. This phase shift differen-
tiates two techniques: positive and negative phase contrast. In negative phase contrast,
the phase ring induces a phase shift of —m/2, whereas in positive phase contrast, the shift
is +m/2. The subsequent section elaborates on the principles of negative phase contrast
microscopy. Significant deviation in the specimen’s thickness from the design thickness pre-
vents the achievement of phase contrast conditions, as the induced phase shift will be either
greater or less than expected.

After passing through the phase ring, the light is focused on the detector by the tube lens
[Mur12]. In addition to the direct phase-shifted light, some scattered light is also refocused
on the detector. The direct and scattered light interfere, creating interference patterns (see
Section 2.1.1). These interferences translate the phase shift into amplitude differences.
Direct and scattered light that passed through a region where the specimen is located inter-
fere constructively, increasing light intensity. Conversely, light that has passed through the
background interferes destructively, reducing the light intensity. This principle enhances the
contrast in places with high specimen thickness, such as cell walls. Additionally, the phase
ring is coated with a partially absorbing metal film, reducing background light intensity by
70-75%, which is crucial for increasing specimen contrast relative to the background light.

To achieve phase contrast conditions, the condenser annulus and phase ring must be con-
sistently aligned [Mur12]. Misalignment causes the background light intensity to exceed that
of the interference patterns, thereby significantly reducing the contrast of transparent ob-
jects, making images resemble brightfield images [Hor06]. To verify the alignment of the
condenser annulus and phase ring, a Bertrand lens, also known as an eyepiece telescope,
can be used. This lens focuses on the back aperture of the objective lens where the phase
ring is located, allowing observation of the overlap between the phase ring and the con-
denser annulus. A beam splitter may be utilized to redirect a portion of the light through the
Bertrand lens while the remainder proceeds to the tube lens, enabling concurrent observa-
tion of condenser annulus and phase ring alignment and the specimen.

Typical phase contrast images of biological cells are shown in Figure 2.10. It can be ob-
served that phase contrast images display a dark background and bright specimen contours
[Mur12]. In contrast, images lacking phase contrast due to misalignment of the condenser
annulus and phase ring appear much brighter and lack contrast.

Phase contrast microscopy creates characteristic artifacts where the observed intensity
does not correspond to the optical path difference of the specimen. These phenomena
are known as the halo effect and the shade-off effect [Mau08]. In negative phase contrast
microscopy, halos appear as bright areas encircling the boundaries of dark objects. In con-
trast, the shade-off effect manifests as a gradual intensity transition at the periphery of a
structure. While this can enhance contrast and improve boundary visibility, it results in un-
even intensities in regions that are otherwise uniform. Both the halo and shade-off effects
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arise because not only does the 0"-order light traverse the phase ring, but some scattered
light also inadvertently passes through, becoming phase-shifted unintentionally.

(a) Phase ring (black) and condenser (b) Phase contrast image.

annulus (white) aligned.

(c) Phase ring (black) and condenser (d) Brightfield image.
annulus (white) misaligned.

Figure 2.10: Images of MSCs captured using phase contrast microscopy with 10x magnification.
The alignment of the phase ring and condenser annulus is demonstrated in (a) and (c), with the
respective specimen images shown in (b) and (d). The overlap of the condenser annulus and
phase rings depicted in (a) establishes the phase contrast conditions in (b). Non-aligning phase
ring and condenser annulus in (c) causes the brightfield images in (d). The images were taken of
specimens within the same well but not at the same position.

2.3 Optoelectronic Devices

Digital microscopy utilizes various optoelectronic devices that exploit the interaction between
light and electronics to achieve effects such as light emission, modulation, or image cap-
ture. This section provides an overview of common components found in light microscopes
and the devices employed in the implementation of adaptive phase contrast microscopy.
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Typically, digital microscopes use light-emitting diodes (LEDs) for illumination and scientific
cameras for image capture. In this thesis, digital mirror devices (DMDs) and liquid crystal
displays (LCDs) are discussed for integration into phase contrast microscopes for experi-
mental purposes and are therefore also introduced in this section.

2.3.1 Light-Emitting Diodes (LEDs)

LEDs are semiconductor devices that emit light through electroluminescence when electric-
ity passes through them [Che16]. Their high efficiency has established them as the primary
choice for modern illumination technologies. LEDs can rapidly toggle between on and off
states, making them particularly advantageous for pulsed light applications [Wil10]. Unlike
lasers, which also offer high-speed switching, LEDs emit a broader wavelength spectrum,
with spectral widths typically ranging from 10 nm to 30 nm, thereby minimizing speckle pat-
terns.

For optimal high-power performance, LEDs are best regulated by voltage rather than current
due to their non-linear response, where small voltage changes lead to significant brightness
variations. Furthermore, LEDs can be overdriven, allowing them to operate above 100%
of their rated brightness for brief periods. These characteristics make them particularly
well-suited for applications requiring short-pulsed and intense light sources. Specialized
LED controllers and pulse sources are engineered to deliver light pulses lasting only a few
microseconds, which can be synchronized with other components using electrical trigger
signals.

2.3.2 Scientific Cameras

Scientific cameras are specialized digital cameras that represent the state-of-the-art technol-
ogy for capturing images in digital microscopes [Kui15]. Unlike conventional digital cameras,
they are distinguished by their uniform light response, exceptional sensitivity, low noise lev-
els, and wide dynamic range. The key component of a camera is the sensor, also referred to
as the chip, which captures light and converts it into electrical signals. CMOS and CCD are
the main technologies employed for this purpose [Hol11]. These signals are represented as
voltage levels that correspond to brightness, with higher voltages indicating brighter areas.
In color cameras, a color filter, such as a Bayer filter, is positioned in front of the sensor
[Sho05]. The sensor is divided into uniformly spaced pixels, with one million pixels referred
to as Megapixels (MPs). An analog-digital converter converts the voltages from each pixel
into integer values for further processing with a computer. The resolution of this conversion,
known as bit depth, typically ranges from 8 to 16 bits, allowing for 28 = 256 to 216 = 65, 536
possible shades. This thesis only employs monochrome cameras, which represent images
in grayscale.

While the spatial resolution of digital cameras is often used interchangeably with the pixel
count, a meaningful comparison necessitates consideration of the sensor size [Gon18]. A
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sensor with a greater pixel count than another of identical size will exhibit higher resolu-
tion.

Frame Rate

The frame rate, measured in frames per second (fps), describes the number of images
a camera can capture per unit of time [Mey09]. This rate is typically constrained by the
camera’s data transfer capabilities. For example, cameras adhering to the CoaXPress 2.0
standard can transmit up to 12.5 GBit/s per cable, resulting in a maximum frame rate of
156 fps for a 10 MP signal with an 8-bit depth per pixel (actual rates are slightly lower due to
transmission overhead) [The19]. While most sensors support higher frame rates, they are
often limited by bandwidth.

If only a portion of the image is relevant, a smaller area of the image can be cropped out.
The specific imaging area selected on the sensor is referred to as the ROI. Reducing the
ROI can increase the frame rate, which allows a better use of the available bandwidth. In
the previous example, cropping the ROI to 1 MP would elevate the frame rate to 1560 fps.
This adjustment is advantageous when a smaller field of view (FOV) suffices, yet higher
temporal resolution is desired. Furthermore, binning allows multiple pixels to operate as
one, enhancing sensitivity at the expense of spatial resolution [Yoo15]. Binning can be
implemented on the sensor by aggregating the charge of groups of pixels (e.g., 2 x 2 or
3 x 3). Alternatively, it can be performed digitally through post-processing.

Influences on Image Quality

Various factors can degrade image quality. Motion blur arises from relative motion between
the camera and the observed specimen, reducing sharpness [Nav11]. The effect is exacer-
bated by faster relative motion and longer exposure times. Improper focus settings can also
lead to blurry images if the subject is not at the focal point [Gon18]. Maintaining a constant
distance between the camera and the subject can prevent this issue. Another issue is sen-
sor noise, which manifests as graininess in images. This noise is intensified by increased
sensor temperatures, often resulting from prolonged camera usage [Iri09]. Furthermore,
noise becomes more noticeable when the specimen is underexposed, as it becomes signif-
icant relative to the actual image details, a condition measured by the signal-to-noise ratio
(SNR).

2.3.3 Digital Mirror Devices (DMDs)

DMDs are microelectromechanical system devices that function as spatial light modulators
(SLMs) [Ren15]. These devices consist of an array of microscopic mirrors that can tilt to
control light [Ma15]. A mirror, when tilted to a specific angle, directs incoming light onto a
projection surface. Each mirror functions as an individual pixel, with independent control
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over its orientation. A typical DMD contains millions of mirrors, featuring pixel pitches as
small as approximately 10 um. Upon application of an electric current, a mirror typically tilts
around 12°, toggling between on and off states. In the on position, mirrors reflect light onto
a lens, forming a white pixel, whereas in the off position, they redirect light away to render
the pixel black. Gray levels are produced using pulse-width modulation, enabled by the
mirrors’ rapid switching capabilities. Image transitions occur within microseconds. Due to
their high-speed performance, DMDs are used in digital projectors and display systems.

2.3.4 Liquid Crystal Displays (LCDs)

LCDs are widely used flat-panel displays, with applications ranging from smartphone screens
and calculators to televisions [Che18]. LCDs utilize polarization and light-modulating liquid
crystals to produce virtual images [Yan14]. Brightness is regulated by altering the polariza-
tion orientation of light as it traverses the liquid crystals. LCDs do not emit light themselves;
hence, they require a backlight or must reflect light from the front. The LCD panel is divided
into numerous pixels, with each pixel’s liquid crystals being individually controllable. A digi-
tal controller manages this process by transforming digital images into electrical signals that
control the behavior of the liquid crystals.

Liquid Crystals

Liquid crystals are a state of matter exhibiting properties of both liquids and crystalline solids
[Yan14]. Unlike conventional liquids, they maintain a degree of order in molecular orienta-
tion, which can be influenced by external factors such as temperature and electric fields.
In LCDs, the nematic phase is the predominant liquid crystal type, distinguished by its rod-
shaped molecules aligning parallel to one another in the absence of an electric field [Gha20;
Niu21; Sal20]. This molecular alignment influences the polarization angle of transmitted
light. The angle of polarization relates to multiple factors, such as the liquid crystal twist
angle, the thickness of the liquid crystal layer, the wavelength of the passing light, and the
birefringence. Changing the crystal’s orientation does not occur instantaneously, resulting
in a transition period called response time, which is longer for significant contrast changes,
such as transitioning from all black to all white [Elz12].

Layers of LCDs

At the heart of an LCD’s architecture is a layered, sandwich-like configuration consisting
of multiple components, as depicted in Figure 2.11. The specific number and functions of
these layers can differ across various models.
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Figure 2.11: Layers of a liquid crystal display with integrated backlight (illustration adapted from
[Pre25]). (1) Backlight. (2) Light guide. (3) Light diffuser. (4) Horizontal polarizer. (5) Thin-film
transistor. (6) Liquid crystals. (7) Color filters. (8) Vertical polarizer. (9) Front layer. (10) Individual
pixel. (11) Sub-pixel.

Since the LCD inherently does not emit light, a backlight is frequently integrated into its
layered structure (layer 1 in the illustration). However, the backlight is not essential for
the LCD’s light-modulating capabilities and can be omitted without affecting this function.
Certain LCDs, such as those used in calculators, lack a backlight entirely and depend solely
on reflected light.

When present, the backlight serves as the first layer from the rear, tasked with providing
uniform illumination. To reduce costs and size, LEDs are not uniformly distributed across
the area; instead, one or more light guides and diffuser layers (layers 2 and 3) are employed
to spread the light evenly [Yan14].

Light originating from the rear encounters a polarizing film (layer 4), only allowing vertically
or horizontally polarized light through [Yan14].

The 5" layer depicted in the illustration is a thin-film transistor (TFT) layer. This layer is
crucial for controlling the light modulation of the subsequent liquid crystal layer by applying
a variable voltage to each pixel, facilitated by independently controllable transistors for each
pixel [Gha20]. In color LCDs, each pixel is further subdivided into sub-pixels to facilitate the
display of different colors [Yan14].

The layer following the TFT is the liquid crystal layer (layer 6). Depending on the voltage
applied by the transistor logic, the liquid crystals adjust their orientation, rotating the polar-
ization of the transmitted light by up to 90°[Goo75].

Each sub-pixel within a color LCD is equipped with a distinct color filter, accommodating
red, green, and blue hues (layer 7) [Yan14]. The prevalent configuration positions these
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three colors side by side in a single row, with each sub-pixel being three times taller than
it is wide, collectively forming a square pixel. A disadvantage of color filters is the reduced
brightness, as they permit only a specific wavelength band to pass through. In a standard
red, green, blue (RGB) filter arrangement, this design results in a brightness reduction by at
least a factor of three.

The subsequent layer (layer 8) consists of another polarizing filter, oriented perpendicularly
to the initial polarizer [Yan14]. This arrangement ensures that polarized light, which has not
been rotated by the liquid crystals, is obstructed from traversing the display, in accordance
with Malus’s law (Equation 2.8). Consequently, pixels where the light remains unrotated ap-
pear black. If the liquid crystals alter the polarization direction, the light can penetrate the
polarizer with varying intensity, contingent upon the degree of rotation effected by the liquid
crystal layer.

The 9" and final layer is the front glass, featuring a contrast-enhancing coating, which func-
tions to safeguard the LCD and augment contrast.

Controller

The LCD controller is tasked with controlling the liquid crystals to generate and refresh
images on the LCD [EIz12]. It receives digital signals through interfaces like HDMI and con-
verts them into electrical signals for each pixel and sub-pixel of the LCD. LCDs are typically
configured to update at fixed intervals, with a frequency known as the refresh rate, com-
monly at 60 Hz or 120 Hz [Jia12]. Without regular updates, the LCD’s colors fade [Pat05].
Information about upcoming frames is stored in a frame buffer, which the LCD controller
accesses during refresh cycles [Jia12; Pat05].

Due to the varying computational demand for rendering images, the intervals between ren-
dering consecutive images may fluctuate. The frame buffer ensures the screen is updated
consistently at fixed intervals, regardless of fluctuations in rendering times [Pat05]. If a new
image is not rendered in time for the subsequent refresh, the previous frame is re-displayed
on the LCD. To avoid repeating the same frame and the resulting perceived instability and
flickering, many displays implement double or triple buffering [Yan14]. This approach in-
volves storing multiple images in the frame buffer and always displaying the first image that
has been fully rendered.

2.4 Digital Image Processing

Images obtained through digital microscopes frequently require processing, as they may
not be immediately interpretable or may lack contextual information. Consequently, image
processing is crucial in digital microscopy. Apart from enhancing image quality, digital pro-
cessing aids in extracting and interpreting information. This section outlines image process-
ing techniques commonly applied to microscope images. Figure 2.12 provides examples of
these techniques applied to a photograph of an MTP.

Chapter 2: FUNDAMENTALS AND METHODS 24



(a) Original image.

(d) Sobel Edges. (e) Erosion. (f) Dilation.

Figure 2.12: Various image processing techniques applied to an image of an MTP.

2.4.1 Thresholding

Thresholding is a widely utilized segmentation technique aimed at emphasizing features with
specific brightness levels [Gon18]. Segmentation algorithms partition an image into distinct
segments or regions. Typically, thresholding transforms a grayscale image into a binary
image composed solely of 0 and 1 values, though certain algorithms can generate more
than two distinct pixel values. An example of basic thresholding is shown in Figure 2.12b.
The most straightforward and frequently employed method is global thresholding, which
applies a uniform threshold across the entire image. The algorithm evaluates each pixel
value in the original matrix f(x,y), converting values above the threshold 7" to 1 and all
others to 0, resulting in a matrix h(x, y), described by Equation 2.22 [Gon18]:

U i flry) >T
h(z,y) = {0 f Floy) < T. (2.22)

There are also variable thresholding techniques, where T is not fixed or multiple thresholds
are employed. In adaptive thresholding algorithms, 7' is a function of the position, denoted
as T'(z,y). Adaptive thresholding typically adjusts to the mean or median brightness within
a section of the image to accommodate variations in overall brightness, such as shading.
Thresholding is prone to noise interference. As a result, preprocessing steps like low-pass
filtering are often performed first to eliminate outlier pixels.
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2.4.2 Gaussian Blur

Gaussian blur is a widely used blurring technique in image processing aimed at reducing
noise and eliminating outlier pixels [Gon18]. This operation is mathematically characterized
by a filtering process, which involves convolution. In convolution, a filter kernel w(zx,y)
is applied over an image f(z,y), with the overlapping values between the kernel and the
image being multiplied and summed to generate the filtered image h(zx,y) according to
Equation 2.23 [Gon18]:

h(z,y) = (f *w)(z,y) = Z fo—my—n) w(m,n), (2.23)

—M n=—N

where * denotes the convolution operator and the filter kernel dimensions are (2M + 1) x
(2N + 1), ensuring an odd-numbered shape for symmetry.

Equation 2.23 describes spatial domain filtering, but convolution can be more efficiently
executed in the frequency domain, where spatial convolution corresponds to simple multipli-
cation, as expressed by Equation 2.24 [Gon18]:

H(u,v) = F(u,v) - W(u,v), (2.24)
with H(u,v), F(u,v), and W (u,v) representing the Fourier transforms of h(z,y), f(x,y),
and w(z,y), respectively.

In a Gaussian filtering operation, the filter kernel W (u, v) is represented by the Gaussian
filter kernel G(u,v), which resembles a Gaussian function, expressed in Equation 2.25
[Gon18]:

1 2 2
G(u,v) = 5 eXp <_u+’u> , (2.25)

2o 202

where o represents the standard deviation of the Gaussian bell curve.

A key property of the Gaussian function is that its Fourier transform is also a Gaussian
function. Consequently, it can be described by the same equation in the spatial domain,
with the variables v and v replaced by x and y.

The primary concept of Gaussian filtering is that pixels near the center of the kernel con-
tribute more significantly to the filtered image. Smoothing is achieved by incorporating the
values of neighboring pixels, with weights that decrease as the distance from the kernel’s
center increases. Since high-frequency noise corresponds to components farther from the
kernel’s center, the Gaussian filter effectively suppresses such noise. Figure 2.12¢ illustrates
Gaussian blurring applied to an image of an MTP.
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2.4.3 Edge Detection

Filtering can also be applied to enhance gradients, a technique frequently employed for edge
detection [Gon18]. Numerous filter operations are designed to amplify gradients, many of
which rely on the two-dimensional gradient Vf of an image f(x,y). It is expressed by
Equation 2.26 [Gon18]:

Vf=

of
%@”] (2.26)
oy

The gradient is often discretized using the Sobel operator, a common method for comput-
ing image gradients, which employs two filters for the horizontal gradient s, (described in
Equation 2.27) and the vertical gradient s, (described in Equation 2.28) [Gon18]:

Sp= -2 0 2 (2.27)

s,= [0 0 0 (2.28)

The gradient magnitude using the Sobel operator S(x,y), representing the vector length
V f, is given by Equation 2.29 [Gon18]:

S(@,y) = [Vf] = /(s % 1) + (s % )2 (2.29)

Results of edge detection using the Sobel operator are shown in Figure 2.12d.

2.4.4 Erosion and Dilation

Erosion and dilation are fundamental morphological operations performed on binary images
[Gon18]. These processes modify the shapes of regions, which consist of contiguous fore-
ground pixels (set to 1), by altering their structure. To apply these operations, the image
must first be segmented, often using thresholding methods.

Erosion entails the removal of pixels on object boundaries [Gon18]. It reduces the size of
foreground regions within an image, effectively removing small-scale noise and separating
closely positioned objects. This process is executed by positioning a kernel over the image;
the central pixel of this kernel is removed if it fully overlaps with the object. Figure 2.12e
illustrates an example of erosion.

Conversely, dilation extends the perimeters of objects by adding pixels [Gon18]. It enlarges
the regions of foreground pixels, filling in small holes and connecting disjointed objects. In
dilation, the kernel is placed over the image, and the central pixel is added if the structuring
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element overlaps with any segment of the object. The outcome of dilation is depicted in Fig-
ure 2.12f. Both operations, erosion and dilation, are often applied sequentially to enhance
the definition of object shapes within an image, which is demonstrated in Figure 2.13.
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Figure 2.13: Process that includes erosion followed by dilation with a kernel size of 3 x 3. Each cell
in the grid represents one pixel.

2.4.5 Histogram Adjustment

Another technique to improve image quality is called histogram adjustment or histogram
equalization [Gon18]. This digital image processing method enhances contrast by redis-
tributing pixel intensity values to achieve a more uniform distribution across the intensity
range, thereby maximizing the image’s dynamic range. The process involves mapping pixel
intensities to a new range. Additionally, this technique can reduce the bit depth of an im-
age, such as converting a 16-bit raw image to 8-bit, with minimal impact on contrast. The
principle is illustrated in Figure 2.14.

Several methods for histogram adjustment exist, encompassing both linear and non-linear
approaches. This thesis employs a linear transformation defined by Equation 2.30 [Gon18]:

lmax - lmin

h(z,y) = (2b - 1) : (2.30)
where h(z,y) represents the adjusted grayscale image, f(x,y) is the raw image, b is the bit
depth, and Inax and Inmin denote the upper and lower gray value limits, respectively.

By stretching the histogram to a new range, histogram adjustment enhances contrast for
human perception without adding new information to the image. As a result, while this
technique is valuable for improving the visual appearance of images, it does not influence
subsequent algorithmic evaluations. The impact of histogram adjustment on a specimen
image is presented in Figure 2.15.
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Figure 2.14: Principle of histogram adjustment. The pixel intensities of a 16-bit image are mapped
to 8-bit, stretching the range to achieve maximum contrast [Sch16a].

(a) Before histogram adjustment. (b) After histogram adjustment.

Figure 2.15: Histogram adjustment applied on an MSC image (10x magnification).

2.4.6 Stitching

Stitching is a computational technique used when the subject is too large to be captured
within the camera’s FOV [Wan20]. This process combines multiple overlapping images into
a seamless composite, as sketched in Figure 2.16.

Several methods are available for stitching [Wan20]. The most straightforward approach is
position-based, which depends on precisely knowing the location of each shot in the com-
posite image [Sun06]. However, accurately determining the position of each shot can be
difficult due to various constraints in the image acquisition process, such as inaccurate po-
sitioning of the subject or camera. In this thesis, feature-based algorithms are utilized to
ascertain the positions of individual shots within the composite image. Therefore, images
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are captured with an overlap to ensure precise alignment. Features in the overlapping re-
gions, such as corners, are used to compute the translational and rotational offsets between
images. For microscope images, translation usually suffices for aligning the images relative
to each other because camera rotations can be avoided.

The alignment process commences by detecting and matching feature points between adja-
cent images, establishing correspondences to guarantee accurate alignment [Sze06]. Sub-
sequently, a transformation model, such as an affine or homography, is applied to geomet-
rically align the images based on these correspondences. Algorithms like Scale-Invariant
Feature Transform (SIFT), Speeded Up Robust Feature (SURF), and Orientated FAST and
Robust BRIEF (ORB) are employed for feature detection and matching [Sze06]. Once align-
ment is achieved, images can either be overlaid in the overlapping regions or blended to
create smooth transitions, ensuring visual continuity.

(a) Individual images with overlap before (b) Stitched image comprised of multiple in-
stitching. dividual images.

Figure 2.16: Stitching performed on multiple microscopy images of MSCs.

In addition to feature-based methods, non-feature-based image stitching techniques exist
[Wan20]. These include direct methods that optimize a global cost function to align images
based on pixel intensities without relying on predefined features [Sze06]. Transformation-
based methods employ geometric transformations like affine or projective transformations,
optimizing parameters to minimize misalignment. Frequency domain techniques convert
images into the frequency domain using methods such as the Fourier or wavelet transforms,
facilitating more efficient identification of matching features.

2.4.7 Shading Correction

A critical aspect of creating composite images through stitching is maintaining consistent
lighting conditions [Gon18]. Variations in illumination, interference from ambient light, or
camera pixel imperfections can result in lighting inconsistencies in the individual images
that form a stitched image [Mur12]. These inconsistencies lead to artifacts in the composite
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images, as illustrated in Figure 2.17. Artifacts arising from disparities in the microscope’s
beam path, unequal brightness of the light source, or the camera sensor appear uniformly
across all images. Thus, shading correction can be employed to standardize the lighting
across each image using reference images.

(a) Before shading correction. (b) After Shading correction.

Figure 2.17: Shading correction applied on composite microscope image of a whole well in an MTP
[Sch16b].

Shading correction requires capturing both white and black reference images prior to acquir-
ing the actual specimen images. These reference images inherently share the same defects
as the specimen images and are utilized to mathematically eliminate these imperfections.
The white reference image is obtained without a specimen and with the illumination turned
on, thereby recording only noise, non-uniform illumination, and sensor artifacts. In contrast,
the black reference image is captured without a specimen and without any illumination, cap-
turing solely the camera noise.

For a camera sensor with linear response characteristics, the corrected image & (x,y) is
calculated using Equation 2.31 [Gon18]:

_ f(m,y) _fblack (ib’,y)
h (:L" y) B wahite (:L'a y) - fblack (1‘7 y)’ (2.31)

where f (z,y) denotes the matrix of the raw image captured by the camera, fyjack (z,v)
represents the black reference image, fuwnite (z,y) is the white reference image, and K is
a constant scaling factor. The same scaling factor and reference images must be applied
across all images within a composite image to ensure smooth transitions between the im-
ages. It is crucial to maintain consistent illumination and ambient lighting conditions when
capturing actual images, in comparison to the reference images.
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2.4.8 Sharpness Calculation

Evaluating image sharpness is predominantly used for focus assessment according to sci-
entific literature [Yan20]. In this thesis, however, sharpness calculation serves a dual pur-
pose: it is applied not only for focus detection but also for assessing contrast levels in
phase contrast images. In this context, contrast and sharpness are considered equiva-
lent terms. Several methods are available for calculating image sharpness, including the
grayscale difference method [Zhu23], mean normal variance, edge-detection techniques
such as the Canny-edge and Sobel-edge operators, the Laplacian Operator, and gradient-
based methods like the Sobel-Tenengrad operator [Hua24; Yan20; Zhu13]. Recently, artifi-
cial intelligence (Al)-based algorithms have also been developed to evaluate image sharp-
ness [Jin24]. While the first four methods offer greater computational efficiency, the Sobel-
Tenengrad operator (henceforth referred to as Tenengrad) provides superior accuracy, ro-
bustness, and sensitivity [Yan20; Zhu13]. The Tenengrad sharpness stenengrad iS computed
as outlined in Equation 2.32 [Hua24]:

M N
Stenengrad = 37 9 D \/SE () + 3 (/2 9)) 232

z=1y=1

where M and N denote the number of columns and rows of the image f(z,y), respectively,
and S; represents the Sobel operator in the i-direction.

Due to its efficiency and simplicity, the Laplace operator V2 f(xz,vy) is widely employed for
sharpness calculation, as it effectively highlights regions of rapid intensity changes [Her19].
It is defined as a second-order partial derivative, as expressed in Equation 2.33 [Her19]:
P Pf
\% = —= + —=. 2.33
@) =55+ 55 (2.33)
When applied to a discrete image f(x,y), it is approximated by a convolution operation with
the kernel L, as described in Equation 2.34 [Her19]:

0 1 0
L=|1 -4 1]. (2.34)
0 1

Convoluting the image with this kernel approximates the second-order derivative at each
point within the image. Sharpness is subsequently determined by summing all the values in
this derivative matrix, where a higher sum indicates greater sharpness.
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3 State of the Art of the Meniscus Effect in
Phase Contrast Microscopy

This chapter provides an overview of the challenges posed by the meniscus effect on phase
contrast microscopy for cell observation. Its objective is to identify research gaps and for-
mulate SRQs that must be addressed to answer the main research question.

Initially, Section 3.1 discusses cell cultivation within the context of laboratory automation. It
highlights the trend towards high-throughput solutions, which also extends to quality control.
Given the demand for high-throughput, Section 3.2 presents the recently developed HSM
technique. Section 3.3 deals with the meniscus effect, describing its formation and detri-
mental impact on cell observation via phase contrast microscopes. To quantify this effect,
Section 3.4 systematically reviews literature on metrics for assessing the phase contrast
area. Subsequently, Section 3.5 conducts a systematic literature review to identify strate-
gies for compensating for the meniscus effect. Finally, Section 3.6 summarizes the state of
the art and formulates SRQs, which are addressed in the subsequent chapters.

3.1 Cell Cultivation

Cell cultivation is the process of growing live cells in a nutrient medium outside their natural
environment, typically carried out in a laboratory setting [Tri03]. These cells may be de-
rived from tissues or entire organisms and require an appropriate nutrient-rich medium for
successful culture. Maintaining cells in a controlled environment is crucial for experimental
reproducibility. The nutrient medium mostly consists of water and supplies essential com-
ponents for cell growth and proliferation, such as amino acids and salts, while also ensuring
a stable pH and osmotic balance [Bal12]. Cells are typically maintained in an incubator at a
temperature of 37°C with 5% CO,. Extended periods outside the incubator can lead to cell
death.

As the population density, known as confluence, increases, growth conditions deteriorate
due to competition for nutrients and limited space. Additionally, resource availability varies
at different positions within the vessel where they are cultivated, resulting in variable growth
conditions for the colony [Man21]. Therefore, regular monitoring of confluence under repro-
ducible conditions is necessary to assess cell health. Microscopy is an important technique
for examining adherent cell cultures, which grow on the bottom of their vessels [Nie21].
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Induced pluripotent stem cells (iPSCs) are a type of stem cell reprogrammed from adult
cells, enabling them to differentiate into any body cell type [Cer24]. Due to their versatility,
they play a pivotal role in developing new medical treatments, such as for osteoarthritis.
MSCs are stromal stem cells that are already differentiated from pluripotent stem cells but
can still differentiate into various cell types [Hyn16]. Since the manual cultivation of iPSCs
and MSCs is labor-intensive, developing automated high-throughput processes remains an
active research area [Och21]. IPSCs and MSCs are commonly cultured in MTPs, serving
as the test specimens for all validation experiments presented in this thesis [Her23].

3.1.1 Microtiter Plates (MTPs)

MTPs are widely used cell culture vessels, primarily due to their ability to facilitate the simul-
taneous handling of multiple cell cultures and experiments [Due07]. These plates feature
multiple circular compartments, known as wells, typically arranged in a grid pattern. lllustra-
tions of common MTP types are shown in Figure 3.1.

(a) MTP6. (b) MTP24. (c) MTP96.

Figure 3.1: Different types of MTPs. The numbers indicate the numbers of wells.

MTPs enable the parallel processing of multiple specimens within a compact format, as each
well can be independently used for different experiments. Constructed from plastic or glass,
MTPs measure approximately 128 mm x 86 mm and are prevalent in fields such as drug
discovery, genomics, and proteomics, where managing and analyzing extensive specimen
sets is crucial [Due07]. MTPs are commonly identified by their well count, so MTPs with
six wells are termed 6-well MTPs. Throughout this thesis, such designations will often be
abbreviated, for example, as MTP6. Despite variations in well count, MTPs maintain the
same outer dimensions, resulting in smaller wells for plates with a higher number of wells.
The well count of common MTP types ranges from 6 to 3456 wells. Especially higher-order
MTPs are increasingly used to increase the throughput of laboratory processes [Zha22].

3.1.2 High-Throughput Cell Cultivation

Developments in personalized medicine and advanced therapy medicinal products (ATMPs)
have led to an increasing demand for automating laboratory processes that offer flexible
cell cultivation in MTPs [Her23]. This demand is particularly critical with advancements in
human induced pluripotent stem cells (hiPSC) technology, which have enhanced disease
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modeling, personalized medicine, and novel therapeutic interventions [Ela20]. In addition
to hiPSC, various types of iPSCs and MSCs are frequently employed in these applications.
Despite this, stem cells such as iPSCs and MSCs continue to be predominantly cultivated
manually, though numerous approaches for automating these processes are under explo-
ration [Nie21].

Achieving full laboratory automation requires transforming the entire manual workflow into
an automated sequence [Her23]. This transformation includes automating tasks such as
specimen preparation, liquid handling, liquid transfer, plate handling, quality control, and
data analysis. Automation is implemented through control software that integrates various
devices, such as incubators, liquid handling units, plate readers, and microscopes [Nie21].
Specimens in automated plants are typically cultured in MTPs and transported using robotic
arms.

Quality control of specimens is crucial to modify their ambient conditions and determine
the timing of process steps, such as harvesting [Och21]. Microscopy is among the most
important methods for quality control due to its versatility and ease of use. Microscopic
images provide insights into parameters like cell morphology, viability, contamination, and
confluence [Kas17]. Phase contrast microscopy is particularly effective for measuring these
parameters.

3.1.3 Requirements for Quality Control Through Microscopy

Various microscopy modes are utilized for observing cell cultures, including fluorescence mi-
croscopy and phase contrast microscopy [Ste03]. Compared to many research procedures,
automated cell cultivation imposes stricter requirements on microscopy because cells need
to remain viable over extended periods. Thus, cells must not be harmed during observation,
nor should their behavior be altered. For example, adding substances to specimens is often
undesired, which excludes fluorescence microscopy for numerous applications, given that it
necessitates staining of the cell cultures [Hic21].

Conditions within an MTP well vary, as resource access differs between the center and edge
[Man21]. As a result, cell growth varies based on location, necessitating observation of a
large share of the well to obtain reliable specimen information. However, conventional mi-
croscopes typically have a limited FOV, requiring numerous images to cover a large well
area, making the process time-consuming.

Itis crucial to consider that exposure to ambient conditions outside an incubator can threaten
cell cultures, so that time spent outside these environments should be limited [Tal24]. This
poses a risk, as temperatures within a well can drop significantly within just three minutes
outside an incubator [Kor20]. Thus, limiting exposure to less than ten minutes outside an in-
cubator is recommended [Kor20]. However, this duration depends on cell types, experimen-
tal design, and ambient conditions, complicating the establishment of a fixed limit. Nonethe-
less, minimizing the time a sample spends outside an incubator for imaging is beneficial,
which underscores the need for a high-throughput imaging solution.
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Conventional microscopes face challenges in high-throughput laboratory automation set-
tings, as capturing large samples requires numerous images due to their restricted FOV
[Ker19]. Consequently, high-speed microscopes have been employed in certain applica-
tions such as adherent stem cell observation [Och21], quality control of stem cell spheroids
[Kri21], and cell separation [Nar23] to accelerate the generation of 2D image data, which
will be detailed in the following section.

3.2 High-Speed Microscopy

Conventional microscopy is extensively used for its high resolution, yet it is limited by a re-
stricted FOV [Ker19]. For instance, utilizing a 5 MP image sensor with a 1inch size and
a standard pixel pitch of 5um at 10x magnification results in a field of view of only about
1 mm?2. Nevertheless, many applications require a larger area, spanning several millimeters
or centimeters in each direction [Sch16a]. This extensive ROl is achieved by stitching up to
multiple thousand images into a composite that covers the entire area (see Section 2.4.6).
Acquiring such a large number of images is a time-consuming process. Traditionally, the
procedure involves repositioning the specimen with the microscope’s stage between image
acquisitions, halting completely to acquire each image, and then resuming movement. This
stop-and-go process, also referred to as stop-and-stare, results in a time duration that scales
linearly with the number of images, rendering it inefficient for large specimens.

An alternative to stop-and-go is a continuous scanning method where the microscope stage
does not pause for image capture. The specimen area is divided into parallel rows that are
scanned in sequence. This technique, termed high-speed microscopy (HSM) and first de-
scribed by Schenk et al. [Sch16a], permits high acquisition rates, achieving several hundred
frames per second while scanning along a row. The HSM approach has been successfully
applied to enhance phase contrast microscopy for induced pluripotent stem cell screening,
among other applications [Sch16b].

Key challenges of this method include component synchronization, automatic focusing, and
image processing. Synchronization of the microscope stage, camera, light source, and fo-
cus positioning is achieved using a path-synchronous trigger signal from the microscope
stage, ensuring precise timing among the components. The key features of high acquisition
speed and autofocus are detailed in the following subsections.

3.2.1 Acquisition Speed

Capturing images during motion presents a significant challenge due to the occurrence of
motion blur, as discussed in Section 2.3.2. HSM addresses this challenge by utilizing short-
pulse flash illumination to reduce blur effects [Nav11]. This technique requires that the
object displacement during exposure remains less than a fraction of a pixel. The permissible
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maximum exposure time, denoted as t;,5h, Can be calculated using Equation 3.1 [FIu96]:

II

- A
tiiash ok’ (3.1)

where M is the magnification, II is the camera’s pixel pitch, v is the stage velocity, and k is
a safety factor, typically set to two. The pixel pitch is often significantly larger than the optical
system’s physical resolution limit. However, in cases were the system’s physical resolution is
larger, oversampling occurs between pixel count and actual resolution, which permits longer
maximum exposure times without inducing motion blur. Substituting the resolution limit d for
the pixel pitch divided by magnification in Equation 3.1 yields Equation 3.2:

d
tash = —- 3.2
flash = (3.2)

High-intensity LEDs are utilized to provide bright illumination within the constrained expo-
sure time [Sch16a]. The maximum acquisition rate of HSM is determined by stage velocity,
camera frame rate, and flash intensity. Stage velocity must be adjusted so the FOV of each
image aligns precisely with the adjacent FOVs, apart from a small overlap necessary for
stitching. The FOV is calculated by the camera’s chip size divided by the microscope’s total
magnification. For a given frame rate, the maximum possible stage velocity v is calculated

by Equation 3.3:

v = (1_0]2;“"9'11]0’ (3.3)

where npixel is the camera’s pixel count in the direction of motion, o is the overlap between im-
ages, and f is the camera frame rate. If the theoretically possible stage velocity surpasses
the hardware’s maximum physical velocity, the camera’s frame rate must be reduced. In
some scenarios, although the stage velocity and camera frame rate may suffice, the ex-
posure time may be too brief for the LED driver, or images may be underexposed due to
insufficient LED brightness. In such situations, the stage velocity and camera frame rate
must be decreased until sufficient illumination is achieved.

3.2.2 Autofocus Scan

Focal blur, alongside motion blur, can significantly degrade image quality [Sch16a]. Given
the limited depth of field in microscopy, it is crucial to maintain a constant focal distance be-
tween the objective lens and the specimen (see Section 2.2.1). Without proper adjustments,
the focal distance may fluctuate due to factors such as uneven MTP surfaces and misalign-
ments in the optical axes. As a result, the objective’s height position must be repeatedly
adjusted to observe different regions of the specimen.

While manual microscopes allow for focus adjustment by turning a knob, achieving focus
during continuous specimen movement presents challenges. To address this, a fast and
precise z-movement actuator, typically a piezo actuator due to its accuracy and speed, is
mounted either to the objective lens or the stage to dynamically adjust the distance between
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the specimen and the lens. Before the main image scanning process, an autofocus scan is
conducted to acquire height data, which is subsequently used to generate a height map of
the specimen. This height map is utilized to determine the focal height for the piezo actuator
at each image position.

There are several methods to perform an autofocus scan [Gro85]. Image stacking is the
most prevalent and straightforward option [Vol80]. It requires no additional hardware, as it
involves stacking images at fixed x and y positions. Multiple images are captured at varying
z-positions while maintaining constant x and y coordinates, and a subsequent sharpness
calculation (see Section 2.4.8) determines the sharpest z-plane, which is recorded as the
z-coordinate for that position. The principle is illustrated in Figure 3.2.
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Figure 3.2: Software autofocus principle to determine the optimal focal position using image stacking
along the z-axis. The optimal focal position is achieved at the z-position with the highest sharp-
ness s(z,y) (inspired by [Con25]).

Image stacking is conducted at multiple positions across the specimen [Sch16a]. These
values serve as base points for interpolating focal positions throughout the rest of the spec-
imen. To expedite focus scanning, the z-axis can be moved continuously during acquisition,
similar to high-speed image scanning. This is facilitated by the fast and precise piezo actu-
ator.

External distance sensors present an alternative to image stacking [Sch16a]. These sensors
deliver significantly faster measurements than image stacking due to their higher sampling
rates compared to cameras’ frame rates, enabling the assessment of a larger number of
focal points. They can be utilized to create a high-resolution focus map of the specimen,
facilitating more precise autofocus correction. Potential sensors include confocal chromatic
sensors and interferometer-based technologies such as optical coherence tomography and
white-light interferometry [Fer03]. The primary disadvantage of these technologies is the
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requirement for an additional costly sensor, which must be fitted into the limited space of the
microscope.

3.3 Meniscus Effect

The meniscus effect poses a challenge for the comprehensive observation of specimens in
liquid-filled vessels when using phase contrast microscopy [Hor06]. A meniscus refers to the
curved shape of a liquid surface within a well, resulting from capillary forces. This curvature
affects light as it passes through, due to refraction.

The meniscus shape is described by the contact angle between the liquid’s surface and
the well walls. A contact angle smaller than 90° indicates a concave meniscus, commonly
observed in most liquids exposed to air, such as water. Menisci in wells with small diameters
are fully curved, whereas those in wells with larger diameters display a flat center. A typical
meniscus is illustrated in Figure 3.3.

z L
X ) Twell

Figure 3.3: A liquid meniscus with a flat section in the center and a height h, contact angle 6, and a
local radius of R in a well with radius ey

The formation of the meniscus can be explained by hydrostatic effects, which are detailed in
Section 3.3.1. The refraction of light at the meniscus surface is examined in Section 3.3.2,
along with its impact on imaging specimens in cell culture vessels.

3.3.1 Hydrostatic Description of the Meniscus

The liquid meniscus constitutes a multiphase system, comprising the liquid within the well,
which can be modeled as a cylindrical tube, and the surrounding air. Multiphase systems
strive to minimize the system’s overall energy. Two types of energy are pertinent in describ-
ing a meniscus at rest: potential energy and surface energy. Forces emerge to minimize
these energies. The shape of the meniscus results from an equilibrium between these
forces and the boundary conditions determined by the contact angle between the liquid, air,
and well wall.
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Potential Energy

The forces within the meniscus are governed by fluid dynamics and are thus describable by
the Navier-Stokes equation [Boy13]. For a meniscus at rest, fluid dynamics laws simplify to
hydrostatics. The liquid forming the meniscus is incompressible. Consequently, describing
the meniscus shape involves considering incompressible Newtonian fluids at rest, with grav-
ity as the sole relevant body force, leading to the simplified Navier-Stokes equation shown
in Equation 3.4 [Fox04]:

Vp = —pg, (3.4)

where V denotes the gradient operator, p represents the pressure, p is the fluid density, and
g signifies the gravitational acceleration.

Therefore, Equation 3.4 describes the pressure difference due to differences in potential
energy [Boy13; Fox04]. This indicates that pressure changes occur along the gravitational
direction, i.e., the liquid’s height [Fin86]. Consequently, the hydrostatic pressure within the
meniscus is derived by integrating Equation 3.4 with respect to the liquid’s height, resulting
in Equation 3.5 [Fox04]:

p = po + pgh, (3.5)

where pg refers to the atmospheric pressure at the fluid surface and h is the average height
of the fluid column.

Surface Energy

Surface tension y refers to the force per unit length that strives to minimize surface energy
by reducing the surface area [Hen04]. It acts parallel to the interface between the liquid and
the surrounding air. The pressure difference induced by surface tension on a curved liquid
surface is described by the Young-Laplace equation, presented in Equation 3.6 [Hen04]:

1 1
Ap = —+ =, 3.6
p=" ( 7 + R2> (3.6)
where Ap denotes the pressure difference p — pg, and R; and R, are the principal radii of
curvature of the surface. R, and R define the shape of a curved surface and are equal only
if the surface is spherical.

Relationship Between Potential and Surface Energy

The relationship between gravitational forces and surface forces is quantified by the Bond
number B [Esl19]. The Bond number is defined by Equation 3.7 [Esl19]:

ApgL?
B— /’5 , (3.7)
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where L represents the characteristic length of the system, specifically the well radius e
for a liquid-filled well. The Bond number incorporates the capillary length [. of a system,

defined by Equation 3.8 [Esl19]:
i
le=y/—. (3.8)
V Apg

This length indicates the distance over which surface tension can support a liquid against
gravity. Consequently, the Bond number can also be expressed by Equation 3.9 [EsI19]:

2
B= (f) . (3.9)

Besides the equilibrium between potential and surface energy, the meniscus shape is de-
fined by boundary conditions, such as the contact angle.

Contact Angle

When a liquid is contained within a vessel, a three-phase contact line forms where the
interface between the liquid and the ambient air intersects the vessel walls [EsI19]. In a
cross-sectional view, this line reduces to a tri-point, as illustrated in Figure 3.3. The an-
gle at this point, between the liquid and the well wall, is the contact angle 6. The contact
angle between three known phases is calculated using Young’s equation, which consid-
ers the balance of intermolecular forces at the interface, as described by Equation 3.10
[Esl19]:

cosf = 13V " ISL (3.10)
LV

where ~gv is the solid-vapor surface energy (energy per unit area of the solid in contact with
air), vs1, is the solid-liquid surface energy, and ~ry is the liquid-vapor surface energy. These
surface energies are influenced by the well geometry and the materials involved [Hen04].

Meniscus Shape in Narrow Wells

For systems with small Bond numbers, the meniscus shape can be approximated as spher-
ical [Esl19]. The capillary length of water is approximately 2.7 mm [Lew22], meaning this
spherical approximation is applicable to wells with radii significantly smaller than this length.
This approximation simplifies the Young-Laplace equation, as shown in Equation 3.11
[Hen04]:

Ap=21 (3.11)
with R = R1 = RQ.
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Due to the spherical shape of the meniscus, the relationship between the contact angle and
principal radius of curvature is given by Equation 3.12 [Hen04]:

T'well
0= , 3.12
cos R ( )

where rye denotes the radius of the well.

In narrow wells, surface forces prevail over gravitational forces, causing the liquid column
to rise to a height h. This height can be determined by equating the pressure differences
in Equations 3.5 and 3.11, and inserting the contact angle from Equation 3.12, leading to
Equation 3.13 [Hen04]:

. 27 cos 0'
PGTwell

Thus, the complete meniscus shape can be determined if either the principal radius or con-
tact angle is known, which can be obtained through measurement.

(3.13)

Meniscus Shape in Wide Wells

The radii of common MTP types are approximately 3.5 mm for MTP96, 8.25 mm for MTP24,
and 17.5mm for MTP6, which exceed the capillary length of water [Lew22]. Thus, the spher-
ical approximation does not apply to menisci in these MTPs, as the cell media predominantly
contain water.

Numerous approaches exist to analyze the meniscus shape in wide wells, as it is consider-
ably more complex than in narrow wells due to an increased number of degrees of freedom.
Nevertheless, the problem’s rotational symmetry can often be exploited, enabling the de-
scription of the meniscus surface height z through a geometric equation z(r) for a local
radius r. By leveraging this symmetry alongside additional conditions, Equation 3.6 can be
transformed into a more specific form, as shown in Equation 3.14 [Hen04]:

Apgz(r) = 2vH(r), (3.14)

where Ap represents the density difference with the surrounding air, and H (r) is the mean
curvature, defined by Equation 3.15 [Hen04]:

171 1
=it LY. 3.15
2<Rl+RQ> (3.19)

Common approaches substitute H (r) with known conditions, often resulting in a system of
differential equations. These are typically solved via numerical integration with predefined
boundary conditions [Das93; Esl19; Lew22; Orr77]. Numerical integration methods can
start from the apex [Esl19], the three-phase contact line [Pad72], or other significant points
[Che11]. These approaches require additional system information, such as known contact
angles or the Helmholtz free energy [Esl19; Gao98]. While these values can be found in
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literature for well-documented material combinations, they often necessitate extensive ex-
perimental determination [Das93]. In many cases, determining these values is impractical.
Consequently, no universal solution exists for describing the meniscus shape in wide wells;
a solution must be derived on a case-by-case basis. Direct measurement of the meniscus
shape is often the only feasible alternative, which will be explored in Section 6.1.1.

3.3.2 Meniscus Effect on Phase Contrast Microscopy in Cell Culture Vessels

The meniscus acts as a concave lens for light passing through it (see Section 2.1.5). lts
geometry modifies the path of passing light rays. When illuminated with parallel light, refrac-
tion occurs, directing rays away from the center [Hor06]. The refraction angle varies across
different positions within the meniscus, as depicted in Figure 3.4. This effect is intensified for
light rays traversing the steep-sloped sections near the MTP wall. In wells with larger radii,
characterized by a nearly flat central region, the influence is less extensive due to the re-
duced share of the steep-sloped meniscus area. Conversely, wells with smaller radii exhibit

a more pronounced effect.
x 20,
Figure 3.4: Refraction of three light rays passing through a liquid meniscus. Rays closer to the edge

are refracted more strongly away from their original direction. (1) Well edge. (2) Incident light ray.
(3) Meniscus surface. (4) Reflected light ray. (5) Refracted light ray.

When observing an object with spatial extension, rather than a point source, the light rays
emanating from it pass through the meniscus at different positions, thereby undergoing vary-
ing angular changes. This variation results in Petzval field curvature (see Section 2.1.8)
[Mat15].

The meniscus effect can significantly reduce the effectiveness of phase contrast microscopy
in examining cell cultures within MTPs [Ben51]. Light refraction at the curved surface of the
nutrient medium leads to a misalignment between the phase ring and the condenser annu-
lus. This misalignment obstructs the establishment of phase contrast conditions, especially
at the well’s edge, where the liquid surface deviates from being flat. Figure 3.5 demonstrates
this phenomenon.
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Figure 3.5: The meniscus effect in a phase contrast microscope. In contrast to Figure 2.9, the
specimen is misaligned with the optical center. Refraction at the curved surface near the well
edge causes the beam to deflect, disrupting the alignment between the condenser annulus and
the phase ring. Consequently, the light passing through the specimen experiences no phase shift,
as illustrated in the sectional view, resulting in the absence of phase contrast conditions. 1) Light
source. 2) Condenser annulus. 3) Condenser lens. 4) Liquid meniscus. 5) Specimen. 6) Phase
ring. 7) Objective lens. 8) Non-phase-shifted direct light wave. 9) Undisturbed scattered light
wave.

Since the degree of refraction becomes more pronounced in smaller wells, the achievable
relative phase contrast area reduces as the well size decreases [Hor06]. Figure 3.6 illus-
trates the restricted phase contrast area in MTPs.

Biological experts estimate this area to be approximately 25% in 6-well MTPs and about 2%
in 96-well MTPs, though exact values depend on the optical setup [Nie23]. Given the sub-
jective nature of expert opinions, quantifiable metrics are essential for comparing different
MTPs and optical setups. The metric should characterize the percentage of the phase con-
trast area relative to the total well area and remain reliable under varying conditions, such as
alterations in lighting and focus. These metrics must rely solely on images of the specimens
within a well, ensuring comparability of images captured under diverse circumstances. A
systematic literature review is therefore conducted in Section 3.4.

The reduced observation area resulting from the meniscus effect presents a notable chal-
lenge for laboratory automation systems aimed at comprehensive quality control. Variations
in cell conditions between the central and peripheral regions of the well require examination
of larger portions, rather than random sampling at the center. As a result, the utility of phase
contrast microscopy is considerably restricted, often proving unsuitable for various applica-
tions.
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Figure 3.6: The meniscus effect in a 24-well MTP containing MSCs, with images captured at 4x
magnification and assembled into a composite image of the entire well. Phase contrast conditions
are confined to the central dark spot, where high-contrast observation of the specimen is feasible
(B). Outside this dark central region, identifying the specimen becomes challenging (A).

Thus, identifying methods to mitigate the meniscus effect is essential to enhance the uni-
versal applicability of phase contrast microscopy. Such mitigation should be effective across
large areas of the well. The curved shape of the meniscus introduces position-dependent
refraction at different positions within the well, necessitating advanced approaches to ad-
dress these refractive distortions. Such approaches may involve eliminating the meniscus
entirely or employing adaptive optics to compensate for the distortions. Section 3.5 explores
methods that incorporate these principles.

3.4 Quantification of Phase Contrast Conditions

The relative phase contrast area, which quantifies the share of a well in which phase contrast
conditions are possible, is a meaningful metric to measure the limitation of phase contrast
microscopy due to the meniscus effect. A systematic literature review was undertaken to
identify scientific papers addressing methods to quantify phase contrast conditions. It was
based on the preferred reporting items for systematic reviews and meta-analyses (PRISMA)
methodology [Lib09; Pag21]. It involved a comprehensive search for publications and a
subsequent selection procedure to pinpoint relevant works.

Suitable papers were identified and selected using predefined search strings and selection
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criteria through a multi-step process. The online platform Web of Science served as the
literature database, and the search string was applied to titles and abstracts of publications
published between January 1, 1990, and December 31, 2024, as earlier works were deemed
outdated.

The process comprised the following steps:
1. Database search,
. removal of duplicates,

2
3. screening of titles and abstracts for eligibility,
4. assessment of full text for eligibility,

5

. analysis of proposed methods in each eligible publication.

Database Search

The first step of the database search is the definition of the search string. To search for
phase contrast conditions, potential synonyms must be considered. Additionally, the iden-
tified papers must be relevant to the field of microscopy. The following search string was
ultimately selected:

*N

("phase contrast condition*" OR "phase contrast characterist*™" OR "phase contrast feature
OR "phase contrast attribute* OR "phase contrast trait*™" OR "phase contrast area" OR
"phase contrast imag* condition*" OR "phase contrast imag* feature* OR "phase contrast
imag* attribute™ OR "phase contrast imag* trait*") AND "microscop™"

Twelve papers were identified through the search, which were evaluated based on the se-
lection criteria. They are listed in Table A.1 in the Appendices.

Literature Selection

The following inclusion criteria were established to identify relevant papers:
1. The study must use phase contrast microscopy for specimens in liquid solutions.

2. The study must focus on light microscopy. It must also not primarily utilize 3D, fluores-
cence, brightfield, or other microscopy methods.

3. The phase contrast area must be limited by the meniscus effect or otherwise curved
liquid surfaces.

4. One of the following:

a) The study must propose a quantifiable metric for determining the presence of
phase contrast conditions within an image.
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b) The study must present an algorithm for calculating the phase contrast area.

While the removal of duplicates did not eliminate any papers (step 2), applying these criteria
to the titles and abstracts of all twelve papers resulted in only one publication remaining
(step 3). Although this paper uses the phase contrast area as a metric, it lacks a quantifiable
algorithm for calculating this area, relying instead on expert opinion, and was therefore
excluded in step 4.

In conclusion, no single paper fulfills the criteria, indicating the absence of publications
providing quantifiable metrics for phase contrast conditions. Thus, the systematic literature
review identified a research gap. Addressing this gap by finding metrics and developing a
new algorithm for validating novel meniscus effect compensation methods is essential as
part of this thesis.

3.5 Existing Approaches for Meniscus Effect Compensation

Section 3.3 revealed that the meniscus effect imposes significant limitations on the efficacy
of phase contrast microscopy, substantially decreasing the phase contrast area. Further-
more, Section 3.1 highlighted the substantial requirement for high-throughput solutions in
cell cultivation. Thus, it is imperative to develop methods that mitigate the meniscus effect
and are suitable for high-throughput applications. A comprehensive literature review was
conducted to pinpoint approaches that fulfill these criteria. The identified publications were
analyzed, and remaining research gaps were recognized.

3.5.1 Method

The systematic literature review followed the PRISMA methodology, utilizing the same five
steps as the review in Section 3.4. In addition to scientific papers, patents were incorporated
into the search process. Following the application of inclusion criteria in step 4, relevant
publications were categorized into three distinct approach types in step 5.

The search for papers was conducted on the Web of Science platform, while patent families
were explored using Patbase, employing identical search strings with minor syntax adjust-
ments specific to each platform. Within patent families, one patent had to be selected for
review. The original patent was preferred if available in English or German; otherwise, the
corresponding European patent in English was selected. The search strings for the literature
review are detailed in Table 3.1.
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Table 3.1: Search strings used for the systematic literature review, along with the number of papers
and patents identified through these searches.

Query Search string Papers Patents Sum

1 "phase contrast” AND microscop® AND (meniscus | 14 13 27
OR "meniscus effect$" OR "liquid lens")

2 meniscus AND ("phase contrast” OR mitigate OR | 5 7 12

*N

compensate OR eliminate) AND ("microtiter plate
OR "well plate" OR MTP)

3 "phase contrast" AND microscop® AND (brightfield | 0 0 0
OR "bright field" OR bright-field) AND meniscus
AND (image analysis OR quantitative OR alternative
OR software)

4 "phase contrast" AND microscop® AND method AND | 0 11 11
liquid AND ("optical unit" OR "optical element" OR
"optical component")

Total 19 31 50

Publications dated from January 1, 1990, to December 31, 2024, were included. During
screening, papers or patents were selected based on the following inclusion criteria:

1. Utilization of phase contrast microscopy for analyzing specimens in liquid solutions.

2. Addressing issues caused by the meniscus effect that limit the phase contrast area or
degrade image quality.

3. Presentation of methods enhancing image quality and increasing the area where
phase contrast conditions apply in specimen images.

This search yielded 19 papers and 31 patents, totaling 50 publications. The results of this
selection process are outlined in Table 3.2, with the number of records specified that passed
each step. The twelve publications deemed eligible exhibited distinct characteristics, allow-
ing for clear categorization into three groups, which are discussed in the following section.
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Table 3.2: Multi-step selection process for identifying eligible solution approaches. All approaches
deemed eligible based on their full-text articles were categorized into one of three distinct cate-
gories.

Step Description Number
Identification Records identified through database searching 50
Duplicate removal Records after duplicates removed 41
Screening Titles and abstract screened for relevance 13
Eligibility Full-text articles assessed for eligibility 12
Included into Category 1 | Image analysis to simulate phase contrast 1
conditions

Included into Category 2 | Special MTPs 5
Included into Category 3 | Alterations of the microscope’s beam path 6

3.5.2 Results of the Literature Review

All identified solution approaches can be sorted into the three categories:
1. Image Analysis to Simulate Phase Contrast Conditions,
2. Special-MTPs,
3. Alterations to the Microscope’s Beam Path.

They are presented in this section, followed by a discussion of their benefits and limitations
in Section 3.5.3.

Image Analysis to Simulate Phase Contrast Conditions

The first category encompasses publications utilizing image analysis software to extract in-
formation from brightfield images to an extent that is supposed to match phase contrast
conditions, or to simulate phase contrast images through image manipulation. Although
the systematic literature review identified only one publication, this approach is significant
due to its adoption in at least one commercial application. This application, Nikon’s Volume
Contrast [Eur25], was discovered through a Google search, supplementing the systematic
literature review. It is discussed in this section, even though it does not appear in the litera-
ture review, as it is neither a paper nor a patent.

Kwee et al. 2018 [Kwe18] implement a scanning mechanism to observe iPSCs across an
entire MTP well in phase contrast. They computationally compensate for the meniscus effect
using reference interferogram images of a well filled with liquid but devoid of specimens.
Image segmentation is employed to detect the foreground and background of the specimen
image, and the background is corrected with information from the specimen image using a
third-order polynomial fit, thereby enhancing contrast.
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Nikon’s Volume Contrast [Eur25] employs machine learning to adjust brightfield images,
making them resemble phase contrast images. Due to its proprietary nature, details regard-
ing the training methodology and benchmarking tests are not accessible to the public.

While these methods do not directly counteract the optical effects of the meniscus, they
aim to extract comprehensive information from images lacking phase contrast conditions.
Given that the source images do not exhibit phase contrast conditions throughout, their
SNR is inferior to that of phase contrast images [Mur12]. Detailed information about the
specimen and experimental setup, such as the meniscus shape of the vessel used and
training images, is essential for studies like the one presented by Kwee et al., increasing the
effort of these procedures [Kwe18]. Outputs generated by machine learning, such as Nikon’s
Volume Contrast [Eur25], require careful validation, as Al-modified images might display
features not present in reality, a phenomenon known as hallucination [Mal24]. Additionally,
a significant volume of training data is required, which is not accessible for all applications.

Special-MTPs

The review identified five patents detailing specialized cell culture vessels designed to miti-
gate the meniscus effect.

US2007274871 AA [Jia07] and CA2675495 AA [Dos08] describe variants of MTPs equipped
with hydrophobic coatings to maintain a 90° angle at the cell medium—air—vessel wall inter-
face, thus preventing meniscus formation.

US2010197004 AA [And10] and US2022040689 AA [Mil22] introduce MTPs with special-
ized lids that depress the liquid surface, creating a flat interface. The US2022040689 AA
patent features a more complex lid geometry to avoid air bubble entrapment between the lid
and cell medium. All approaches have in common that the lid actively prevents the meniscus
from forming.

WO016120757 A1 [Bar16] proposes an approach where the liquid forms freely within an
MTP, but a lens-shaped lid compensates for refraction induced by the sloped meniscus
surface.

All designs offer the advantage of using standard phase contrast microscopes to produce
images without meniscus effects. As a result, the phase contrast imaging area can poten-
tially cover nearly 100% of the well, with limitations arising only from shading at the well’s
edges. However, each specialized MTP is optimized for specific applications, necessitating
the use of standard operating conditions. Additionally, precise volume specifications are re-
quired for many configurations.

While special MTPs incur minimal initial costs due to their compatibility with standard phase
contrast microscopes, they are consumables. Due to their more complex design and smaller
production quantities, they are more expensive than regular cell culture vessels, leading to
higher recurring expenses.
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Alterations to the Microscope’s Beam Path

This category explores modifications to microscopy techniques and equipment to compen-
sate for the meniscus effect while maintaining specimens unchanged. Five patents and one
paper outline potential solutions.

JP2017151132A [Shi17], JP2017015856 A2 [Mat17], and JP20170162052 [Tsu20] de-
scribe optical adjustment systems integrated into phase contrast microscopes, positioned
between the condenser lens and meniscus. These systems can modify the beam path by
adjusting the position, focal power, and optical axis of an adjustment element, such as a
lens, to correct optical path deviations induced by the meniscus. The patents do not specify
the details of the adjustment system; instead, they emphasize deriving system parameters
through specimen observation. These parameters are subsequently used to configure the
adjustment elements.

Hofmeister et al. 2020 [Hof20] propose replacing the static condenser unit with a DMD,
enabling flexible illumination adjustments based on the imaging position within a well. By
manipulating a virtual condenser annulus on the DMD, phase contrast conditions can be
restored near the well edge. The original light house of the microscope is replaced by the
DMD, and a new light source is introduced to provide the angled illumination necessary for
the DMD.

US2012257040 AA [Bah12] suggests using an LCD in place of a fixed condenser annulus,
allowing positional flexibility of the condenser annulus.

EP3323010 A2 [Die18] combines an LCD as a condenser annulus with a liquid-filled prism in
the beam path between the condenser lens and meniscus. This configuration compensates
for the meniscus surface slope and lateral displacement on the condenser plane caused by
the oblique wavefront.

These sophisticated compensation mechanisms offer adaptability to diverse specimens,
vessel types, and liquids. They hold the potential to produce high-quality images and es-
tablish genuine phase contrast conditions, unlike software solutions. However, these ap-
proaches are more complex than MTP-based methods, leading to higher initial costs. De-
spite this, as they utilize standard cell culture vessels, the recurring costs are similar to those
of conventional phase contrast microscopes. A notable potential limitation of many of these
methods is reduced acquisition speed due to the movement of mechanical components,
even though this does not apply to US2012257040 AA.

3.5.3 Assessment of Existing Methods

The three categories of solution approaches identified in the previous section are analyzed:
image analysis solutions are termed software-based, specialized well plates are labeled
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special-MTPs, and alterations in the microscope’s beam path are designated as microscope-
based. A qualitative comparison of these categories is presented using a Harvey Balls dia-
gram in Figure 3.7. The comparison primarily addresses the main functionalities, specifically
enhancing the phase contrast area and accommodating high-throughput imaging. Additional
criteria stem from applications in phase contrast microscopes for cell culture observation.
Crucially, the image quality must remain intact, the approaches should be adaptable to the
flexible production of various cell types, and costs associated with eventual commercializa-
tion should be minimal.

Reconstr. of Sample info Compati- " Recurring
PC SNR Speed needed bility Initial cost cost

wwae | 1 O | O] O 6] O 6| 6

Special-MTP O o G @ O @ G @
Microscope G . @ G @ . O .

. Excellent G Good O Satisfactory @ Fair Q Poor

Figure 3.7: Harvey Balls representation of the three approach categories to mitigate the meniscus
effect. Explanation of categories: Reconst. of PC: Reconstruction of phase contrast; the ability to
create phase contrast conditions in areas where they were previously unattainable. SNR: Signal-
to-noise ratio; the achievable contrast within the reconstructed phase contrast area. Speed:
Potential acquisition time achievable with HSM. Sample info needed: The amount of information
required to mitigate the meniscus effect, such as liquid properties or sample type. Complexity:
The complexity of setup and process compared to regular phase contrast microscopy. Compati-
bility: Compatibility of the approach with various types of samples and liquids. Initial cost: Cost
of procurement for the initial setup. Recurring cost: Cost per experiment, including consumables
and license fees.

Complexity

Software-based solutions benefit from utilizing straightforward hardware, such as brightfield
microscopes. However, they often necessitate extensive training datasets. Introducing new
specimen types, such as different cell types, typically requires additional training or reference
measurements. A fundamental limitation of these methods is their dependence on lower
contrast source images compared to phase contrast microscopy, which results in a reduced
signal-to-noise ratio and provides less reliable information for image analysis algorithms.
Consequently, this method is inherently limited and cannot achieve the same quality of data
as authentic phase contrast microscopy.

Conversely, both special-MTPs and microscope-based methods modify illumination to es-
tablish genuine phase contrast conditions in areas where it was previously absent. Special-
MTPs offer optimal imaging conditions for specific specimen types, such as a particular cell
medium with a defined refractive index. However, they lack flexibility and are specialized
for one application. In contrast, the microscope-based approaches are more versatile and
can be designed to accommodate a wide range of liquid-filled vessels. Microscope-based
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methods also offer the advantage of low recurring costs, comparable to conventional phase
contrast microscopy, unlike specialized-MTP, which incur high recurring costs due to con-
sumables. A notable drawback of the microscope-based approach, however, is the inherent
complexity, leading to initially high hardware and development costs.

None of the presented methods has been explicitly optimized for rapid acquisition times.
Since modifications to the microscope hardware are unnecessary, it is assumed that special-
MTPs are most suited for high-speed imaging with current technology when placed in a high-
speed microscope. However, mechanical adjustments to the microscope-based approaches
could potentially yield similar performance, though a research gap exists as this has not
been explored thus far.

Evaluating the requirements against the three categories of solution approaches to mitigate
the meniscus effect, it was concluded that microscope-based solutions offer the greatest po-
tential due to their meniscus compensation capability and versatility. Therefore, the method
explored in this thesis falls within this category.

3.6 Summary and Interim Conclusion

Phase contrast microscopy is widely utilized in cell observation due to its ability to capture
high-resolution images of transparent specimens. However, the meniscus effect confines
observation under phase contrast conditions to small central areas of wells in MTPs. This
effect results from refraction at the surface of the cell medium within the well.

Expanding the phase contrast area despite the meniscus is important for broadening the ap-
plication scope of phase contrast microscopy. A systematic literature review was conducted
to evaluate existing methods to counteract the meniscus effect. The most promising solu-
tions involve integrating adaptive components into the microscope’s beam path, which can
steer illumination light beams to counteract refraction independently at each position within
a well. Further analysis is necessary to determine which of these methods can significantly
enhance the phase contrast area.

No precise data was found on the extent to which adaptive components can enlarge the
phase contrast area, necessitating investigation within this thesis. To measure the phase
contrast area, a quantifiable metric is essential. A systematic literature review identified the
absence of such a metric, representing a research gap that will also be addressed in this
thesis.

The restricted imaging region within well plates is not the only limitation for high-throughput
cell observation. Another limitation is the slow acquisition speed of conventional micro-
scopes, primarily due to their restricted field of view. HSM has been introduced as a solution
to substantially reduce overall acquisition time for large specimens. To effectively address
the meniscus effect, the continuous image acquisition process during sample movement
introduced by HSM should be integrated into the approach to achieve competitive imaging
durations. Thus, the meniscus compensation mechanism must also support high-speed
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imaging. Additionally, the potential imaging time for a high-speed compensation method
must be assessed.

In summary, based on the identified research gaps, the following sub-research questions
are formulated:

SRQ1 How can the phase contrast area in microtiter plates be quantified?
SRQ2 Which adaptive components are suitable for high-speed implementation?

SRQ3 To what extent can the phase contrast area be increased using adaptive phase con-
trast microscopy compared to conventional phase contrast microscopy?

SRQ4 Which acquisition time is achievable for complete wells in microtiter plates? What are
the influencing factors on acquisition time?

These supplement the main research question:

Can the optical compensation of the meniscus effect in phase contrast microscopy be per-
formed during sample movement in combination with continuous image acquisition?

Answers to these questions are explored in the following chapters, with each chapter dedi-
cated to one SRQ.
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4 Quantitative Measurement of Phase
Contrast Conditions

The literature review in Section 3.4 indicates the absence of a metric to quantify the phase
contrast area in MTPs. Such metrics are crucial for assessing the experimental validation of
adaptive phase contrast microscopy against conventional phase contrast microscopy. This
chapter seeks to fill this research gap and consequently answers SRQ1 (see Section 3.6):
How can the phase contrast area in microtiter plates be quantified?

The initial step involves identifying the conditions under which phase contrast occurs and
determining methods to measure phase contrast within an MTP. Subsequently, a new ap-
proach is formulated to quantify the phase contrast area.

4.1 Characteristic Metric for Phase Contrast Conditions

The objective of this section is to identify characteristic patterns in images of specimens
within MTPs that can effectively describe phase contrast conditions. These patterns are
investigated to assess if they can be represented by a single numerical value, which can
subsequently serve as an indicator of phase contrast conditions. Images captured by the
microscope’s main camera, intended to display the specimen within an MTP well, ideally
under phase contrast conditions, are hereafter referred to as specimen images.

As outlined in Section 2.2.3, the presence of phase contrast conditions can be verified by
observing the overlap of the condenser annulus and the phase ring through a Bertrand lens;
images acquired through a Bertrand lens are subsequently referred to as Bertrand images.
Concentric alignment of the condenser annulus and phase ring confirms the presence of
phase contrast conditions.

However, this alignment is often challenging to observe directly. Although simultaneous ob-
servation of specimen images and Bertrand images is possible using a beam splitter, this
approach is rarely practical. First, this method restricts comparisons to images acquired
exclusively with setups that include the beam splitter. As a result, comparisons with phase
contrast images obtained from other microscopes, which lack information about ring overlap,
become unfeasible. Second, the beam splitter reduces the light intensity available for spec-
imen images, thereby degrading image quality. Third, this technique cannot identify uneven
phase contrast conditions within a single image. Such uneven conditions may arise when
the camera’s field of view is sufficiently large for the meniscus curvature to cause significant
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variations in refraction across different regions of the image.
Consequently, the analysis must rely exclusively on visible features within specimen images.
Image processing techniques can then be employed to extract the relevant metric.

The determination of these characteristics was conducted experimentally. During the ex-
periments, specimen images were captured concurrently with Bertrand images, using the
Bertrand images as a reference. The phase contrast amount was progressively reduced
by modifying the illumination. Subsequently, the specimen images were compared to the
alignment of the phase ring and condenser annulus observed in the Bertrand images. By
examining the characteristics within specimen images and correlating them with the align-
ment, a metric was formulated that eliminates the requirement for direct observation of the
alignment.

4.1.1 Experiments

Experiments were conducted utilizing a phase contrast microscope with MSCs in 24-well
MTPs as specimens. The experiment comprised six runs, all executed in the same well, with
images captured at three distinct locations: Position 0 at the center, Position 1 at a 2mm
offset, and Position 2 at a 4 mm offset from the center along the x-axis. Two magnifications,
4x and 10x, were employed during the experiments. Figure 4.1 illustrates the beam path
within the experimental configuration, as well as an overview over the imaging positions
within a well and the condenser annulus positions between images.

Two cameras were employed: the main camera focused on the specimen, while the sec-
ondary camera observed the phase ring and condenser annulus overlap through a Bertrand
lens. A beam splitter divided the incoming light equally between both cameras. An LCD was
utilized to display the condenser annulus, replacing the traditional condenser annulus (as
detailed in Section 5.2.3). During each experimental run, various annulus positions were
displayed on the LCD. The first image was captured with perfect alignment between the
condenser annulus and the phase ring, where ideal phase contrast conditions were known
to exist. For each subsequent image, the horizontal position of the condenser annulus was
displaced by 0.25 mm in the x-direction. Thereby, the amount of phase contrast could be re-
duced from one image to the next. As the condenser annulus shifted further from alignment,
phase contrast conditions weakened, causing the images to resemble those of brightfield
microscopy. Figure 4.2 presents a subset of the image series.

Figure 4.2a shows a condenser annulus completely concentric with the phase ring, while
Figure 4.2b is slightly displaced yet still within the ring, resulting in phase contrast images
shown in Figure 4.2e and Figure 4.2f with minimal differences. In contrast, Figure 4.2c
and Figure 4.2d depict annuli further removed from the center, leading to Figure 4.2g and
Figure 4.2h with decreased phase contrast characteristics.

Comparing the images in Figure 4.2e and Figure 4.2f with Figure 4.2g and Figure 4.2h
reveals two distinguishing features characteristic for phase contrast: increased sharpness
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Figure 4.1: Simplified schematic representation of the experimental setup for identifying characteris-
tic metrics of phase contrast conditions. The diagram depicts the beam path in a phase contrast
microscope equipped with two cameras: the main camera targeting the sample and the Bertrand
camera directed at the phase ring. Non-essential lenses are excluded from the illustration, and
distances are not to scale. During each experimental run, the condenser annulus position was
displaced horizontally, as detailed in section view A-A. Three experimental runs were conducted
per MTP at three distinct positions within a well, indicated as 0, 1, and 2 in sectional view B-B. (1)
LCD condenser annulus. (2) Meniscus in MTP well. (3) Phase ring. (4) Secondary camera. (5)
Beam splitter. (6) Bertrand lens. (7) Main camera.

and a darker background. These features will be analyzed to develop a quantifiable metric
for phase contrast.

4.1.2 Computational Analysis of Phase Contrast Images

To analyze sharpness and brightness in each image, scalar metrics representative of the
entire image were selected for both.

The Tenengrad algorithm was chosen for contrast calculation due to its consistent perfor-
mance under varying illumination conditions [Zhu13], a critical factor given the substantial
differences in background brightness across the images (refer to Section 2.4.8) [Hua24].
The lower computational efficiency compared to other algorithms is not a concern, as rapid
analysis is unnecessary for this process [Zhu23]. Although the algorithm is sensitive to
noise, this issue is mitigated by the uniform environmental conditions under which all im-
ages were captured.

The assessment of background brightness relied on the observation that the background
occupies a far larger area of the image compared to the specimens. Accordingly, the av-
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(a) Bertrand, shift 0.0 mm. (b) Bertrand, shift 0.5mm. (c) Bertrand, shift 1.0 mm. (d) Bertrand, shift 1.5mm.

(e) MSCs, shift 0.0 mm. (f) MSCs, shift 0.5 mm. (g) MSCs, shift 1.0 mm. (h) MSCs, shift 1.5mm.

Figure 4.2: The overlay of the condenser annulus and phase ring, when seen through a Bertrand
lens (a - d), and the corresponding phase contrast images of MSCs, as recorded by the primary
camera (e - h) [Nie25]. All images were taken at the center of the well, magnification of 10x. In
the experiments, the condenser annulus was shifted by 0.25 mm between consecutive images;
every second image of the experiment is shown, shifts are noted in the captions of the subfigures.

erage gray value of the entire image effectively represents the background brightness, as
features like cell boundaries constitute only a small portion of the image. The average gray
value is determined by calculating the mean of the grayscale values of the image.

4.1.3 Results and Conclusion

Sharpness and brightness values were calculated for all images. For comparability across
different experimental runs, all results were normalized to the respective values where the
condenser annulus is exactly concentric with the phase ring. The results for 10x magnifi-
cation are presented in Figure 4.3, with one curve plotted for each run of the experiment at
different positions within the well.
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Figure 4.3: Sharpness stenengrad (@) and background brightness (represented by average gray values
g) (b) plotted over the condenser annulus displacement from the center Ad, as observed through
the Bertrand lens with the secondary camera and calculated using image analysis [Nie25]. All
values are normalized to the values at the central position. Position 0: exactly in the center.
Position 1: 2 mm from the center. Position 2: 4 mm from the center. Magnification of 10x.

The sharpness values exhibit similar trends across all three experimental runs, as do the
gray values [Nie25]. Images where the condenser annulus is slightly displaced but still
within the phase ring (either side of the center) show values almost identical to the central
position, confirming that phase contrast conditions are present in these images. Beyond
this, sharpness decreases, and gray values increase as the condenser annulus position
deviates further from the center.

There is a strong negative correlation between sharpness and average brightness. The
Pearson correlation [Ben09] coefficient between the curves acquired at the same well posi-
tion is -0.994 for experiments with 10x magnification and -0.974 for those with 4x magnifi-
cation. This strong negative correlation implies that either metric alone can reliably predict
phase contrast conditions. Nonetheless, this correlation is valid only if ambient conditions
remain consistent throughout the experiment. In practical applications, ambient conditions
are subject to variability. Sharpness is influenced by factors such as focus position and the
number of objects within an image. For instance, a clear image with few cell colonies may
have a lower sharpness value than a blurry image with high colony density. Background
brightness, however, is less sensitive to such variations, assuming consistent illumination
conditions and relatively similar samples across all images. Therefore, background bright-
ness, as a more robust metric, is chosen as the sole indicator of phase contrast conditions
within an MTP well in this thesis. However, as experiments were exclusively conducted with
MSCs samples, further studies need to determine the universal applicability of this metric to
different sample types.

It is important to note that brightness can predict phase contrast conditions only under spe-
cific circumstances. Brightness is meaningful as a relative metric, meaning that a base
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gray value from a position with known phase contrast conditions must be established. A
significant deviation from this base value indicates that phase contrast conditions no longer

apply.

4.2 Algorithm for Calculating Phase Contrast Area in a
Well-Plate

An algorithm has been developed to quantify the phase contrast area across an entire well
of an MTP. This algorithm leverages the dependency between relative brightness and phase
contrast conditions. The development process entails identifying a continuous region sur-
rounding the well center that exhibits uniform background brightness. The algorithm com-
prises the following steps [Nie25]:

1. Image blurring,

2. identification of the base gray value,
3. defining thresholds,

4. binarization,

5. erosion and dilation.

The methodology is illustrated with an example in Figure 4.4.

Step 1: Image Blurring The algorithm processes composite images of an entire well,
with an example image shown in Figure 4.4a. Due to the large size of these images (often
exceeding 1GB), compression is necessary as the first step to prevent overloading the
computer and to keep computation times manageable. The bit depth is scaled to 8 bits,
enabling representation of pixel values ranging from 0 to 255. Next, a Gaussian blur filter
with a sigma of 10 pixels is applied to smooth individual features and assign each pixel the
average background color of its surroundings. This step is illustrated in Figure 4.4b.

Step 2: Identification of the Base Gray Value With the image now consisting of smooth
background colors, the base gray value representing phase contrast is determined as the
pixel value exactly at the image center. Given the meniscus shape, it is assumed that phase
contrast conditions are present at the exact center of the well. From this point onward, all
other gray values in the image are compared to this base value.
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Figure 4.4: Algorithm for analyzing phase contrast area [Nie25]. (a) The initial image of a well,
obtained using adaptive phase contrast microscopy. (b) The processed image after blurring and
compression, with the orange line indicating the central cross-section. (c) Gray value distribution
g along the cross-section z, including the applied threshold, (1) maximum gray value, (2) base
gray value. (d) Binarized version of image (b), where white regions fall within the threshold range.
(e) Resultant image post-erosion, highlighting the central white region. (f) The phase contrast
area superimposed on the original image.

Step 3: Defining Thresholds To identify a continuous area with values similar to the base
gray value, lower and upper thresholds are defined. Gray values within these thresholds are
considered to indicate phase contrast conditions. The upper threshold is quantified as a
percentage Ty of the difference between the base gray value and the brightfield value,
which is the maximum observed value in a cross-sectional analysis centered on the image.
Conversely, the lower threshold is determined by subtracting the aforementioned range from
the base gray value. Figure 4.4c provides a cross-sectional depiction through the blurred
image along the orange line drawn in Figure 4.4b, showing both thresholds, alongside the
maximum value (denoted as (1)) and the base gray value (denoted as (2)).

A percentage of T,c = 15% has been found effective, ensuring that areas classified by
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experts as phase contrast fall within the thresholds while minimizing false positives. The
thresholds typper and tiower are calculated by Equation 4.1:

< tupper ) _ < gph + Tpe (Gor —gph) > (4.1)
tiower gph — Tpc (gbr - gph) ’

where gpn is the base gray value and gy, is the brightfield gray value.

Step 4: Binarization Binarization is performed on the blurred image, marking all values
between the thresholds as true and all other values as false. The result is shown in Fig-
ure 4.4d.

Step 5: Erosion and Dilation Given that peripheral regions of the well might coinciden-
tally exhibit the same gray value as the central patch, the central area must be isolated. A
combination of erosion and dilation separates the central area, as described in Section 2.4.4.
Erosion is performed using a circular kernel with a diameter of 5 pixels to thin out all shapes,
thereby eliminating any narrow bridges of frue values that might connect the central patch
to outer regions. Following this step, all patches of true values are assigned to an individual
instance each, and all patches except the central one are removed, as illustrated in Fig-
ure 4.4e. Finally, dilation is applied using the same kernel used for erosion to restore the
original size of the central patch.

This central patch now represents the phase contrast area, which is 6.2% in the shown
example. It is overlaid on the original image in Figure 4.4f. The proportion of the phase
contrast area within a well is calculated as the ratio of the phase contrast patch size in pixels
to the total area of the well bottom.

4.3 Summary and Interim Conclusion

This chapter explored the mathematical description of phase contrast conditions. The ap-
pearance of phase contrast images was analyzed experimentally to identify common pa-
rameters. Images of MSCs in MTPs were captured. Sharpness and background brightness
emerged as key metrics defining phase contrast conditions. Further analysis demonstrated
a strong negative correlation between these metrics, with background brightness proving
more resilient against fluctuations in ambient conditions and sample density. An algorithm
was subsequently implemented to identify regions in whole well images where phase con-
trast conditions are applicable, based on background brightness.

In conclusion, this chapter addresses the research gap concerning the quantification of
phase contrast conditions in biological specimens within MTPs. Thus, SRQ1, described as
How can the phase contrast area in microtiter plates be quantified?,

is conclusively answered.
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5 Assessment of Adaptive Components

As previously concluded, it is necessary to modify the beam path within the phase contrast
microscope based on its position in the well. Adaptive components are employed for this
purpose, enabling the modulation of illumination on the meniscus. This chapter examines
various adaptive components, which addresses SRQ2 (refer to Section 3.6):

Which adaptive components are suitable for high-speed implementation?

Section 5.1 drafts four approaches to implementing adaptive components alongside evalua-
tion criteria. Section 5.2 delves into potential implementation strategies. Optical simulations
are conducted using Zemax OpticStudio in Section 5.3. Section 5.4 presents experiments
designed to evaluate the effectiveness of these approaches in mitigating the meniscus effect.
Section 5.5 discusses the simulation and experimental outcomes, evaluating the adaptive
components against the predefined criteria. Finally, Section 5.6 summarizes the evaluation
results.

5.1 Consideration of Different Adaptive Components

Various adaptive components are assessed to enhance adaptive illumination, aiming to ex-
pand the phase contrast area. These components are incorporated into the illumination
beam path of the microscope and are intended to either replace or supplement the existing
fixed condenser annulus. The evaluation is based on criteria established from cell culture
imaging requirements, as detailed below:

1. Phase contrast area: Maximizing the area where phase contrast conditions can be
achieved is essential.

2. High-speed capability: The component must enable rapid switching to allow the
acquisition of numerous images over a large well area in a short time.

3. Flexibility: The system must be adaptable to various samples and function effec-
tively under diverse ambient conditions. It should also allow easy integration into and
removal from a conventional phase contrast microscope.

4. Complexity: The number of interacting mechanisms and parts should be minimized
to ensure simplicity.
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5. Robustness: In biological research environments prone to wet or contaminated con-
ditions, the module must exhibit durability and operate reliably over extended periods
without maintenance.

6. Cost: For successful commercialization, the setup should be designed to incur low
manufacturing and recurring costs.

To achieve optimal optical performance, the illumination’s wavefront must be tilted and
shifted when passing through the meniscus surface. This can be achieved using standalone
components or a combination thereof. The following components were considered for these
purposes:

« Digital Mirror Device,

* horizontally movable lens or condenser annulus,
+ Liquid Crystal Display,

+ liquid-filled prism.

The DMD, LCD, and the movable condenser annulus were evaluated for their capacity to
move the beam horizontally, while the liquid prism and movable lens were assessed for their
ability to manipulate the beam angle. This section provides an overview of these technolo-
gies and how they can compensate for the meniscus effect.
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5.1.1 Digital Mirror Device

DMDs facilitate rapid light modulation, as elaborated in Section 2.3.3. The application of
DMDs to compensate for the meniscus effect in phase contrast microscopy has been previ-
ously investigated by Hofmeister et al. [Hof20]. DMDs can transition between states within
microseconds, a highly advantageous characteristic for high-speed meniscus compensa-
tion [Ren15]. The DMD can be employed to display a condenser annulus, which can be
translationally repositioned to adjust refraction at various positions within the meniscus. This
modification alters the path of light beams through the condenser lens, consequently chang-
ing the illumination angle at the meniscus surface, thereby compensating for the meniscus
effect. Figure 5.1 illustrates an example of a light path through such a microscope.
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Figure 5.1: A possible, simplified beam path for a microscope equipped with a DMD (compare to
a regular phase contrast microscope in Figure 2.9). (1) Light source. (2) DMD. (3) Mirrors. (4)
Condenser lens. (5) Meniscus. (6) Objective lens. (7) Phase ring.

5.1.2 Horizontally Movable Lens or Movable Condenser Annulus

Mounting the condenser lens on horizontally movable axes enables precise control of the
illumination angle, effectively counteracting refraction at the meniscus. Similarly, the con-
denser annulus can be mounted on horizontally movable axes to direct the illumination beam
path. The angle of the incoming light is adjusted as it passes through the condenser lens at
different positions, thus creating a counter-refraction effect at the meniscus surface. Given
that both the movable lens and the movable condenser annulus utilize the same actuation
system, their advantages and disadvantages are mostly similar and can be discussed col-
lectively.

The movable lens, due to its curved shape, provides a continuous range of angles between
0° and the maximum angle at its edge. Thus, the angle of the transmitted light can be
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precisely controlled based on the lens position. Movement can be facilitated using stepper
motors or servo motors, combined with spindle axes, or alternatively, with linear motors.
Figure 5.2 illustrates the operating principle.

Figure 5.2: The operating principle of a movable lens. The lens position is adjusted horizontally to
compensate for the meniscus effect at various well positions. (1) Movable lens. (2) Light ray. (3)
Meniscus.

5.1.3 Liquid Crystal Display

Instead of using a physical condenser annulus cut into a plate, a virtual condenser annulus
can be displayed on an LCD as a white ring on a black background. Due to their inherent
translucency, LCDs can be integrated into the microscope’s condenser unit, replacing the
conventional condenser annulus. The meniscus effect can be compensated by adjusting
the position of the virtual condenser annulus on the LCD. Similar to the DMD, translating
the condenser annulus results in the light passing through the condenser lens at different
positions, as depicted in Figure 5.3. This digital approach eliminates the necessity for me-
chanical components, thereby enhancing robustness.
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Figure 5.3: Working principle of an LCD for beam path steering. Components are not depicted to
scale. Refraction at the meniscus surface is compensated through a combination of shifting the
condenser annulus and the angular change induced by the condenser lens. Light is represented
by orange arrows, with green arrows indicating the transition from one image to the next. (1)
Incoming light. (2) LCD. (3) Light ray. (4) Condenser lens. (5) Meniscus. (6) Virtual condenser
annulus.

5.1.4 Liquid-Filled Prism

As shown in Section 2.1.6, light passing through a prism undergoes refraction twice, result-
ing in a directional change. By adjusting the angles between the prism surfaces, the light’s
output angle can be controlled. This principle can be applied to counteract refraction at the
meniscus surface. Since solid structures are not easily deformable, a flexible structure is
required to achieve an adjustable prism angle. This can be implemented using two glass
plates with a clear liquid in between and a flexible shell enclosing the liquid. Actuators can
dynamically change the prism angle by tilting one or both glass plates. Figure 5.4 illustrates
the optical working principle.

The liquid-filled prism can also be utilized in conjunction with approaches that shift the con-
denser annulus horizontally, such as the LCD, DMD, or a horizontally movable condenser
annulus. This combination can enhance performance by providing two additional degrees
of freedom, allowing independent control of the illumination angle at the meniscus surface
and the horizontal position of the illumination. However, this combination also increases the
setup’s complexity.
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Figure 5.4: Schematic depiction of the light beam path in an phase contrast microscope that in-
corporates a liquid filled prism (compare to a regular phase contrast microscope in Figure 2.9).
The wavefront of the illumination light is tilted by refraction at the interfaces to compensate for
refraction at the meniscus surface. (1) Light ray. (2) Glass plate. (3) Liquid. (4) Flexible shell. (5)
Housing.

5.2 Implementation of Adaptive Components

To evaluate the concepts, demonstrators were developed for the four described approaches.
Comprehensive considerations regarding the implementation of these concepts were under-
taken, followed by preliminary tests. Designs failing to satisfy the evaluation criteria outlined
in Section 5.1 were omitted from subsequent optical simulations and experimental investi-
gations.

5.2.1 Digital Mirror Device

DMDs are capable of precisely steering the illumination light path. However, implementing
this method requires a complex configuration of the illumination unit. DMDs demand oblique
illumination with a precise angle, making it impossible to directly replace the conventional
condenser unit in the illumination path of a conventional phase contrast microscope. Conse-
quently, the entire illumination system must be redesigned. Figure 5.5 illustrates a possible
setup, comparing the illumination of a conventional phase contrast microscope with that of
a DMD side-by-side.

The incorporation of a DMD necessitates a complex illumination unit, posing challenges for
integration into a conventional phase contrast microscope. Calibrating the beam path with
a DMD introduces additional complexity for the user, and the setup lacks the flexibility to
switch to other illumination modes. Thus, this approach does not meet the objectives of low
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complexity and low cost. For these reasons, this approach was not further pursued in this
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Figure 5.5: A possible configuration of a DMD included in the illumination beam path of a phase
contrast microscope (right) compared to a conventional phase contrast microscope (left). (1)
Light source. (2) Aperture. (3) Mirrors. (4) Conventional condenser annulus. (5) Condenser lens.
(6) Specimen in MTP. (7) DMD.

5.2.2 Horizontally Movable Lens or Movable Condenser Annulus

A demonstrator of a movable lens was designed and constructed to identify the real-world
challenges of implementation. In addition to the condenser lens, a secondary lens, specifi-
cally a 2inch lens, was incorporated between the condenser lens and the specimen. Direct
mounting of the condenser lens onto the actuation system was infeasible due to mechani-
cal constraints. This setup was theoretically capable of achieving meniscus compensation
equivalent to moving the condenser lens itself, but it altered the system’s focal point.

Lens positioning in the x and y directions was managed by motorized axes. Rapid lens
repositioning is required for high-speed imaging, and highly precise positioning within a
few micrometers’ tolerance is necessary for precise beam steering. While linear motors
can provide precise high-speed actuation, they were not employed due to their high cost.
Instead, stepper motors were utilized, with encoders monitoring their precise positions. An
STM32 microcontroller served as the control unit. A computer aided design (CAD) of the
setup is shown in the Appendices in Figure A.1.

Two experiments were conducted to evaluate the demonstrator’s performance: one as-
sessed absolute positioning precision, and the other measured speed. Results indicated
low positioning precision and only acceptable accuracy for microscopy applications with res-
olutions under 10 um. For a movement of 1.02 mm (equivalent to 50 motor encoder steps),
the mean deviation was 43 um with a standard deviation of 126 um. Movement times signif-
icantly exceeded expectations, at 60 ms for a 1.02 mm distance, largely due to limitations in
the closed-loop control system.
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Given these challenges, the movable lens or movable condenser annulus approach does
not meet the high-speed criterion with manageable complexity and cost. These approaches
will therefore not be further investigated.

5.2.3 Liquid Crystal Display

To facilitate the shifting of the condenser annulus, an LCD unit replaces the fixed condenser
annulus in a phase contrast microscope in this setup. The LCD unit comprises a metal
housing that encloses the LCD, with protective glass plates on both sides of the LCD to
avoid mechanical damage, such as scratches, while permitting light transmission. The entire
LCD unit can be mounted onto the microscope similarly to a conventional condenser unit,
with the condenser lens affixed to the lower side of the unit. A cross-sectional schematic
drawing depicting the LCD unit design is illustrated in Figure 5.6, whereas a photograph is
presented in Figure 5.7.

1 2 3 4
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Figure 5.6: Schematic drawing of the LCD housing unit (cross-section), illustrating all components.
(1) Upper part of the housing. (2) Distance holder. (3) Microscope connection adapter. (4) Upper
protective glass plate. (5) Spacer for the upper glass plate. (6) LCD. (7) Spacer for the lower
glass plate. (8) Condenser lens. (9) Lower protective glass plate. (10) Lower part of the housing.

Due to cost and time constraints, only commercially available LCDs were considered for the
setup. Most standalone LCDs are designed for consumer electronics, particularly smart-
phones, given the large market demand [Che18]. This makes them affordable, often priced
below $100 per piece, though their specifications are specifically tailored for these applica-
tions. For instance, because they are typically designed for human viewing, their refresh
rates generally range from 24 Hz to 120 Hz. Higher frame rates are rarely implemented, as
the improvement is imperceptible to the human eye. This is in contrast to the requirements
of high-speed imaging, which demands the highest possible frame rates.

Smartphone LCDs typically have pixel densities ranging from 250 pixels per inch (ppi) to
600 ppi [Led21]. Moreover, most LCDs are available in sizes around 6 inch (152.4 mm) diag-
onal, which is suboptimal because they considerably exceed the necessary size, given that
the condenser lens aperture is only approximately 25 mm.
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Figure 5.7: The adapter housing the LCD, with the LCD controller mounted on a plate at the back-
side. This housing replaces the condenser unit of the phase contrast microscope. The condenser
lens is attached via the threaded center. (1) Controller. (2) Mounting plate for controller. (3) Aper-
ture for LCD with cover glass. (4) Housing.

For the adaptive phase contrast microscope, the LCD must be translucent. While all LCDs
are inherently translucent (see Section 2.3.4) [Yan14], most consumer devices include an in-
tegrated backlight. Removing the backlight is possible, but can render the LCD more fragile
and may jeopardize the integrity of integrated circuits. Additionally, pixels can be perma-
nently damaged during this process. Thus, it should be avoided. Given that the annulus will
be displayed as a white ring on a black background, a color display is unnecessary for the
LCD. Monochrome displays are preferred, as they lack color filters, theoretically offering at
least three times the brightness of a color display.

Considering all requirements, a 6.08 inch monochrome LCD with a resolution of 1620 x 2560
pixels without backlight, designed for 3D printers, was selected (model: CHA608-X04, coun-
try of origin: China). The LCD was connected to a controller unit that translates HDMI
signals to MIPI-DPI signals interpretable by the LCD. The controller was connected to a
Raspberry Pi via HDMI. Running a program that renders condenser annuli, the Raspberry
Pi was connected to the main PC, which sends instructions via Ethernet. The main PC
sends the condenser annulus position in a custom encoding, which can be interpreted by
the Raspberry Pi.

The LCD was consequently used in the following optical simulations and experiments.

5.2.4 Liquid-Filled Prism

The liquid-filled prism can be positioned in the beam path at two locations: between the con-
denser annulus and the condenser lens or between the condenser lens and the specimen.
The latter configuration was chosen because the first option required a complete redesign of
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the microscope’s light house and illumination unit, which was not feasible with the available
microscope. Approximately 75mm of vertical assembly space is available to accommo-
date the prism unit. The prism unit can only be used in conjunction with the LCD because
mounting points for the prism unit are only present on the LCD housing. Experiments were
therefore consistently conducted using a combination of the prism and LCD. If the liquid-
filled prism proved to be the optimal adaptive component, an additional condenser annulus
unit with mounting points for the prism unit would have been designed. A photograph of the
liquid prism with its actuation is shown in Figure 5.8.

Figure 5.8: Photograph of the liquid-filled prism assembled in the demonstrator, with the lower glass
plate tilted by the servo motors. (1) Base plate. (2) Upper glass plate within metal frame. (3)
Servo mount. (4) Flexible silicone shell. (5) Servo motor. (6) Lever. (7) Lower glass plate within
metal frame. (8) Servo handle. (9) Lever guidance.

To contain the liquid between the glass plates, a custom silicon shell was designed and cast
(material: ADDV-25). A polyoxymethylene (POM) casting form was milled for this purpose,
chosen for its low friction and, therefore, non-stick properties [Sar14]. It is depicted in the
Appendices in Figure A.2.

Lathed stainless steel frames secured the glass plates and shell, utilizing a sealing ring to
prevent liquid leakage. Distilled water, with a refractive index of approximately 1.33, served
as the medium due to its ease of handling and non-toxicity [Tho85]. The movement of the
lower glass plate was facilitated by three servo motors that actuate levers mounted to the
stainless steel frame. The entire liquid-filled prism assembly was mounted on a plate con-
nected to the LCD housing. A CAD drawing of the same assembly is depicted in the Appen-
dices in Figure A.3. The geometric relations within the prism actuation unit are presented in
Figure 5.9 [Nie23].

Chapter 5: ASSESSMENT OF ADAPTIVE COMPONENTS 72



C

Upper glass b
plate Shell
Za
C /y'
Lower glass ﬁ
plate a a X

Figure 5.9: Geometric relations within the liquid filled prism [Nie23]. (A) Overview of the mechanical
principle. (B) Bottom-up view with important geometric relations. (C) Silicon shell and glass
plates. (D) Geometric relationships at the servo handle. (E) Orientation of angles within the
coordinate system.

The servo motors are managed by a driver that receives commands from an Arduino Mega
microcontroller. The Arduino interfaces with the main computer via USB to obtain posi-
tion data as two angles, « and 3, which determine the tilt of the lower glass plate. These
commands are processed by the Arduino and translated into servo motor positions §; using
Equation 5.1 [Nie23]:

§ = arctan <h> , (5.1)
p
where p is the servo handle length and h is calculated by Equation 5.2 [Nie23]:
rtan ()
h = cos (30°)r tan (o) — sin (30°)r tan (53) , (5.2)

—cos (30°)r tan («) 4 sin (30°)r tan (B)
where 7 is the lever length.

This design was used for the following optical simulations and experiments.

Chapter 5: ASSESSMENT OF ADAPTIVE COMPONENTS 73



5.3 Optical Simulations

The experimental setups described in the previous section were replicated using optical
simulations. Given that the DMD and movable lens had already failed several criteria, simu-
lations were limited to the LCD and liquid-filled prism. The first simulation setup, referred to
as Configuration 1, utilizes only the LCD. The second setup, termed Configuration 2, incor-
porates both the liquid-filled prism and the LCD, as the liquid-filled prism cannot be operated
independently without the LCD (as detailed in Section 5.2.4).

5.3.1 Simulation Setup

Simulations were conducted using Zemax OpticStudio. The focus was on ray optics without
modeling phase differences and interference. A simplified phase contrast microscope was
modeled utilizing Zemax’s Sequential Mode. An exact replica of the original system was
unattainable due to the proprietary nature of several Nikon components, for which no black-
box models were available. Consequently, these components were replaced with Thorlabs
lenses having analogous properties, such as NA and working distance. These elements
included the collimator lens, condenser lens, objective lens, and tube lens. Therefore, these
simulations are unsuitable for quantitative analyses due to discrepancies with the real-world
system; however, they provide qualitative insights. Figure 5.10 depicts the optical path
through the microscope for both components.

The condenser annulus was modeled as a ring aperture with an inner diameter of 5.1 mm
and an outer diameter of 5.8 mm. This corresponds to the Ph1 standard size for a condenser
annulus used in 10x magnification. The meniscus shape for an MTP24 was approximated
as parabolic. The base of the meniscus was aligned to be in focus. Prism dimensions from
the CAD drawing were utilized; however, the hull was simplified, and the glass plates were
omitted due to their minimal thickness. The phase ring was modeled as a ring obscuration,
designed to be narrower than the condenser annulus, ensuring the visibility of its edges
when overlapped by the phase ring.

Two distinct setups were employed in the simulations using Zemax’s Multi-Configuration Ed-
itor: one for the liquid-filled prism and LCD and another solely for the LCD. Except for the
inclusion of the liquid-filled prism in Configuration 2, the systems remained unchanged, with
the sole exception being the adjustment of the focal distance between the condenser lens
and the meniscus to achieve Kohler illumination (refer to Section 2.2.2). The initial simu-
lations began with the meniscus centered, progressively shifting it by 1 mm to the side per
iteration until the light beam reached the well’s edge. Meniscus compensation was achieved
by either displacing the condenser annulus perpendicular to the beam direction in Config-
uration 1 or tilting the lower surface of the prism in Configuration 2 until the images of the
condenser annulus and phase ring converged. The focal distance between the condenser
lens and the meniscus was slightly adjusted to account for variations in optical path length.
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Zemax’s Physical Optics Propagation was employed to render overlap images of the con-
denser annulus and the phase ring. The simulation rendering utilized an equidistant grid
of 1024 x 1024 parallel rays, originating from a plane through the light source towards the

collimator lens.
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(a) Model for Configuration 1 (LCD).
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(b) Model for Configuration 2 (prism and LCD).

Figure 5.10: Cross-section of the Zemax OpticStudio simulation model, illustrating the beam path.
Both configurations share the same setup and parameters, except for the inclusion of the liquid-
filled prism in Configuration 2. Minor variations in focal distance are present to always focus
on the specimen. (1) LCD condenser annulus. (2) Condenser lens. (3) liquid-filled prism. (4)
Meniscus. (5) Objective lens. (6) Phase ring. (7) Image plane (tube lens omitted).

5.3.2 Simulation Results

The simulations demonstrated that alignment between the condenser annulus and the phase
ring can be achieved in both configurations until close to the meniscus edge. Figure 5.11
illustrates that alignment between the condenser annulus and phase ring is attainable with
both configurations.

Optimal alignment of the condenser annuli with the phase rings was achieved by selecting
appropriate parameters for either the LCD shift or liquid-prism tilt. The variations in intensity
are largely attributed to two factors. Firstly, the number and spacing of light beams used for
rendering had a noticeable impact. Using different configurations of incoming light resulted
in varying intensity distributions, though the overall shape remained unchanged. Secondly,
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the focal position of the specimen significantly influenced the results. When the bottom of
the meniscus was not in focus, the resulting light rays deviated markedly from an annular
shape.

In Configuration 2, the LCD condenser annulus was not shifted. Consequently, the simula-
tion results were independent of the inclusion of the LCD in this setup. Thus, the outcomes
for Configuration 2 would remain unchanged if a regular fixed condenser annulus were used
instead of an LCD.
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(a) Reference. (b) Configuration 1 (LCD). (c) Configuration 2 (prism).

Figure 5.11: Simulation results showing the relative positions between condenser annulus and phase
ring with a meniscus shifted 5mm horizontally from the center. The annulus in red and yellow
shades represents the condenser annulus. The black ring obscuring part of the annulus is the
phase ring. No meniscus effect compensation was applied for the reference image in (a). (b)
shows the overlap due to the condenser annulus shifting on the LCD. (c) shows the overlap due
to the tilt of the liquid-filled prism.

In summary, the simulations indicated that alignment of the phase ring and condenser an-
nulus is feasible with both configurations.

5.4 Experimental Evaluation of Adaptive Components

Two sets of experiments were conducted to gain a deeper understanding of the adaptive
components’ capabilities in compensating for the meniscus effect near the well’s walls. In
both series, the components were incorporated into the beam path of a phase contrast
microscope. The first set of experiments (Section 5.4.1) evaluated the adaptive component’s
overall ability to direct a light beam and examined the deformation of the condenser annulus
within the microscope’s optical path. The second series (Section 5.4.2) concentrated on
identifying the proximity to the well’s edge where phase contrast conditions can be effectively
achieved.
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5.4.1 Light Steering Experiments

The initial experiments were conducted to assess the performance of the adaptive com-
ponents without accounting for the meniscus effect. For this purpose, no specimen was
present. No MTP was placed in the microscope stage, ensuring the absence of a liquid
meniscus that could potentially alter the light path.

The same two experimental Configuration 1s that were used in the optical simulations we
assessed: Configuration 1 involving only the LCD integrated into the microscope, and Con-
figuration 2 incorporating the prism unit mounted on the LCD housing (see Section 5.2.4).

Throughout the experiments, images were captured using the microscope’s Bertrand lens
at each step. In Configuration 1, the LCD condenser annulus was adjusted in increments of
0.2mm. In Configuration 2, the prism was incrementally tilted by 1°with the LCD condenser
annulus fixed at its default position. The images from both experimental configurations were
subsequently compared. Figure 5.12 presents a pair of images from these experiments.

(a) Configuration 1 (LCD). (b) Configuration 2 (Liquid-filled prism).

Figure 5.12: Displacement of the condenser annulus from the phase ring, as observed through the
Bertrand lens, without a specimen and refraction at a meniscus. Both displacements are similar
but are achieved through different processes. (a) The LCD is solely active to shift the condenser
annulus, with the prism in its default position. (b) The liquid-filled prism is tilted, while the LCD
remains in the default position.

The analysis indicated that each displacement of the condenser annulus on the LCD cor-
responds to a similar position in the images with the tilted prism. The annuli exhibit funda-
mental similarity, being shifted from the center without significant distortion. The primary
distinction lies in the brightness of the condenser annuli. When the LCD condenser annu-
lus is displaced, the brightness remains relatively uniform across all images. Conversely,
images with a tilted prism progressively darken as the annulus moves further from the cen-
ter. Moreover, this darkening is not uniform but manifests as a gradient, as depicted in
Figure 5.12b. Potential explanations for this phenomenon are examined in Section 5.5. To
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enhance understanding, subsequent experiments will address compensating for the menis-
cus effect with MSCs present as specimens.

5.4.2 Meniscus Effect Compensation Experiments

The following experiments aimed to determine how close to the well’s edge meniscus com-
pensation is achievable using the given adaptive components. To closely simulate real-life
imaging conditions, 24-well MTPs containing MSCs in a liquid medium were used as speci-
mens. Configurations 1 and 2 were retained from the previous experiments.

Figure 5.13 illustrates the experimental procedure. Experiments were conducted at 4x and
10x magnifications. Two cameras were employed: a primary camera for specimen obser-
vation and a secondary camera for viewing the phase ring through the Bertrand lens. Each
experiment comprised a series of images captured at various positions within a well, start-
ing from the center and progressively moving towards the edge. Upon capturing the two
images with each of the cameras, the specimen was moved in increments of 750 um for 4x
magnification and 300 um for 10x magnification, approximately half of the cameras’ FOV.

(a) Positioning within well (b) Condenser annulus align- (c) Gray value calculation.
ment.

Figure 5.13: Experimental setup to evaluate meniscus compensation of the LCD and liquid-filled
prism. Imaging of different positions within a well is demonstrated in (a). In reality, imaging posi-
tions are overlapping, which is not shown for better readability. At each position, the condenser
annulus is manipulated to align with the phase ring (b). The resulting specimen image is cap-
tured, and the average gray value is determined, which is written into the example image (c).

For both configurations, one reference series was conducted, wherein the LCD and prism
remained in their default settings throughout all images. At each position, two images were
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captured, one with each camera. This reference represents conventional phase contrast
microscopy.

In subsequent measurements, the adaptive components were adjusted at each position to
align the condenser annulus with the phase ring as observed by the secondary camera.
Once alignment was achieved, both cameras captured one image each. Configuration 2
was utilized to test the capabilities of the liquid-filled prism. Since the LCD also needed to be
included in Configuration 2, three experimental series were conducted: the main experiment
series, where the prism was tilted and the LCD remained in its default position, and two
additional reference series. In the first reference experiment series, the LCD condenser
annulus was shifted while the prism was kept in the default position, and in the second
reference experiment series, both the LCD and prism were adjusted alternately.

To analyze the results, the average image brightness was computed as described in Sec-
tion 4.1. The brightness was compared to that at the center of the well, where optimal
phase contrast conditions are known to exist. The results are presented in Figure 5.14 for
Configuration 1 and in Figure 5.15 for Configuration 2, both using 10x magnification.

Configuration 1 A

—e— Reference

2.04 LCD

1.5

I 1.0 1 /()

0.51 A

0.0

r [mm]

Figure 5.14: Plot of the average brightness of cell images g at a distance r from the well center, indi-
cating phase contrast conditions. An MTP24 was observed with 10x magnification and Configura-
tion 1. Reference denotes experiments where the LCD consistently displays the default annulus
position. In LCD, the virtual condenser annulus on the LCD is shifted to maintain alignment with
the phase ring. At the central position (A), phase contrast conditions are optimal. At 3.9 mm from
the center without meniscus effect compensation, contrast decreases and background brightness
increases (B). Meniscus compensation re-establishes phase contrast conditions at the same po-
sition by shifting the condenser annulus on the LCD (C).

The brightness of the reference measurements shows a consistent trend in both graphs,
increasing steadily up to approximately 5 mm from the well center. Beyond this point, bright-
ness decreases due to shading from the well walls. This suggests that phase contrast
conditions are not achievable near the well walls, as shading reduces contrast.

In contrast, the brightness in Configuration 1 remains nearly constant until about 5mm from
the well center, indicating that the LCD effectively maintains phase contrast conditions fur-
ther from the center, as exemplified by the difference between the images at positions B
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Figure 5.15: Plot of the average brightness of cell images g over the distance to the center r obtained
by the same method as Figure 5.14, using Configuration 2. Reference denotes experiments
where neither the LCD nor the prism is altered from the default position. Prism denotes the main
experiment, where the prism is tilted at each position to keep the condenser annulus aligned
with the phase ring, while the LCD remains in its default position. In LCD, the virtual condenser
annulus on the LCD is shifted, with the prism in the default state. In Prism + LCD, both are
adjusted. At the central position (A), phase contrast conditions are optimal. At 3.9 mm from the
center without meniscus effect compensation, contrast decreases and background brightness
increases (B). Low brightness is observed at position (D), 3.9 mm from the center, corresponding
to position (C) in Figure 5.14.

and C in Figure 5.14. The brightness only decreases at approximately the same position as
the reference measurements (around 5 mm from the center) due to shading at the well wall.
This effect is illustrated in Figure A.4 in the Appendices.

Comparatively, the average brightness in Configuration 2 decreases almost immediately
when moving away from the center. This suggests that the liquid-filled prism is not as ef-
fective at compensating for the meniscus effect as the LCD. However, all three curves in
Figure 5.15 follow a similar trajectory, even though the series involving only the tilted prism
(orange curve) results in the lowest brightness and, consequently, the poorest image quality.
The poor image quality observed even when the prism was unchanged and the LCD was
adjusted (green curve) suggests additional factors contributing to Configuration 2’s inferior
performance, which are examined in the following section.

5.5 Discussion

This section analyzes the technologies presented and concludes which are suitable for high-
speed meniscus effect compensation in phase contrast microscopy. The comprehensive
simulations and experiments identified certain limitations in both the LCD and liquid-filled
prism technologies. These limitations are examined to enhance understanding of how they
align with the criteria outlined in Section 5.1.
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5.5.1 Limitations of the Liquid Crystal Display

The experiments identified three drawbacks in the LCD design: limited commercial availabil-
ity, light attenuation, and variation in illumination path length.

Commercial Availability

As detailed in Section 5.2.3, LCDs must fulfill specific requirements for effective high-speed
meniscus effect compensation:

» Transparency (absence of attached backlight),
* high frame rate, and
* monochrome pixels.

Due to the sophisticated and complex manufacturing process, LCDs cannot be produced in
small quantities specifically tailored for this thesis setup. Thus, only a limited selection of
commercial models from a few suppliers meets the requirements. Consequently, the LCD
chosen for the experiments may lack ideal properties, although this could improve in future
commercial applications.

Light Attenuation

According to Malus’s law (see Equation 2.8), the intensity of unpolarized light passing
through a polarization filter is decreased. Even under optimal conditions, at least half of
the light intensity is reduced if the incoming light consists of beams with uniform polarization
angles.

In the experiments, the light intensity was reduced by more than half. Consequently, expo-
sure time must be increased to achieve the desired image brightness, potentially extending
acquisition time in HSM applications (refer to Section 3.2).

Variation in Path Length

Simulations revealed a variation in the optical path length between the condenser lens and
the specimen when the condenser annulus was horizontally shifted. This variation induced
a shift in the focal position, which required compensation through additional adjustments to
maintain focus. The compensation process is challenging due to two degrees of freedom:
the distance between the condenser lens and the specimen, and the distance between the
specimen and the objective lens. As a result, two actuators for z-position correction are
necessary, which is impractical for high-throughput imaging across the entire well. However,
not implementing this repositioning leads to a significant reduction in image sharpness.
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5.5.2 Limitations of the Liquid-Filled Prism

Experiments identified several limitations in the setup and handling of the liquid-filled prism,
which impede meeting some evaluation criteria. This section addresses the most critical
issues:

+ Sealing and bubble formation,
+ shading at the prism’s walls, and

* reduction of overall brightness.

Sealing and Bubble Formation

Preventing gas bubbles from forming is particularly challenging in the liquid-filled prism ap-
proach, as bubbles can unpredictably alter the light path. Once formed, bubbles can only be
removed by disassembling and refilling the entire prism unit, a tedious process. Two sources
of bubbles have been identified: gas dissolved in the liquid that outgases over time, and air
penetrating through leakage in the elastic shell’s sealing.

To minimize bubble formation from dissolved gas, the water was heated to near boiling
before filling the prism, since warmer water dissolves less gas. For instance, water at
70°C dissolves only 68% of the nitrogen that water at 20°C can [Bat84]. However, com-
pletely eliminating dissolved gas is nearly impossible, making bubble formation inevitable
over time.

Leakage can occur despite the elastic shell being sealed to the metal housing. This is par-
ticularly prevalent when the actuators apply force, inducing stress at the sealing. Preventing
this requires precise coordination of the actuators to maintain a constant volume within the
prism. Even in the absence of external force, achieving a tight seal proved challenging,
frequently resulting in liquid leakage after several hours or days.

Shading at the Prism’s Walls

One observation of the experiments was shading that occurred with Configuration 2, which
transformed the condenser annulus projection into a sickle shape. This effect was evident
even in reference measurements, where only the LCD condenser annulus was shifted with-
out tilting the prism, suggesting an issue with the mechanical setup. A plausible explanation
is that the sickle-shaped illumination results from inadequate aperture of the prism shell or
housing, as illustrated in Figure 5.16.

Increasing the prism diameter might address this issue; however, spatial constraints prevent
this solution. While there are no limitations in the x and y dimensions, the space in the
z-direction between the condenser lens and MTP is constrained. When the prism is tilted,
an increase in width translates to a decrease in height. A prism with radius r increases in
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Figure 5.16: Schematic illustration explaining the reduced brightness observed in phase contrast
images when utilizing the liquid-filled prism at a tilt angle a due to shading at the prism’s walls.
The cross-section depicts the trajectory of the outermost light rays through the liquid-filled prism.
The right ray is obstructed by the housing, resulting in the condenser annulus appearing as a
sickle rather than a ring. The tilt induces a height increase of the liquid-filled prism by Ah. (1)
Light ray. (2) Glass plate. (3) Liquid. (4) Silicon shell. (5) Metal housing.

height by Ah at a tilt angle o according to the relation Ah = rtan a. Given the restricted
vertical space, it is not feasible to increase the prism’s radius without causing Ah to become
excessively large. Additionally, increasing the prism diameter introduces further challenges,
such as the need for more powerful servo motors.

Reduction in Overall Brightness

In the experiments, Configuration 2 experienced a notable reduction in image brightness
compared to Configuration 1. Possible physical effects contributing to this observation in-
clude dispersion, absorption, and reflection. The presence of multiple tilted surfaces causes
sequential reflections at interfaces within the prism, which decrease the intensity of trans-
mitted light. Consequently, multiple reflections were identified as the most likely cause of
the reduced brightness. Calculations were thus conducted to assess the magnitude of this
effect.

The Fresnel equations describe the fraction of refracted and reflected light at each interface
between different materials (refer to Section 2.1.4). Within the liquid-filled prism, a light ray
sequentially traverses a glass plate, water, and another glass plate, resulting in four inter-
faces in total. These interfaces alter the angle of the light beam, changing it from the global
incident angle e (the angle after the condenser lens) to the refracted angle (. Figure 5.17
illustrates this process.
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Figure 5.17: Reflection and refraction at the four interfaces within the liquid-filled prism, with a tilt of a.
The incidence and refracted angles are labeled. Reflection occurs at each interface, progressively
decreasing the light’s intensity. (1) Incoming light ray. (2) Glass plate. (3) Liquid. (4) Silicon shell.
(5) Metal housing. (6) Reflected light ray.

Calculations were carried out to determine the angles of incidence and refracted angles at
each interface using Snell’s law (see Equation 2.10). The relationships between the angles
of incidence and refraction at successive interfaces are described by Equation 5.3:

Vi =€

Y2, = V,r (5.3)
V3 = Y2 T

Y4,i = V3,r-

Subsequently, the effective transmission coefficient Te and reflection coefficient Res were
determined using the Fresnel equations (refer to Equation 2.15). The total transmission
Tiotal i the product of the transmission coefficients from each interface. These calculations
were performed for varying prism tilt angles « to evaluate the impact on transmission reduc-
tion at increased tilt angles. The parameters listed in Table 5.1 were consistently applied
throughout the calculations.
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Table 5.1: Parameters to calculate the effective transmission through the liquid-filled prism

Para ete Z B De Ptio

NA 0.29 | NA condenser lens
na 1.00 | Refractive index air
npg 1.50 | Refractive index glass
no 1.33 | Refractive index water

Initially, the maximum possible value for e was determined based on the maximum angle of
light emerging from the condenser lens. This angle can be calculated from the lens’s NA
using Equation 2.20:

€ = arcsin (NA> = 16.9° (5.4)

na

The actual angle is likely smaller because the condenser annulus blocks light passing
through the outer edges of the condenser lens. However, using the largest possible value is
suitable for conducting a boundary value analysis, resulting in the smallest possible trans-
mission. The total transmission results for various « values are presented in Table 5.2.
The intermediate results of the calculations for o = 10° are provided in the Appendices in
Table A.2.

Table 5.2: Total effective transmission Ty through the whole liquid-filled prism for different tilt angles
«. ( denotes the output angle with respect to a vertical line with a given incident angle of a =
16.9°.

-10 13.5 91.5

0 16.9 91.5
10 20.7 91.3
20 25.8 90.4
30 34.2 84.3

The experiments detailed in Section 5.4.2 indicate that only tilt angles ranging from -10°
to 10° are relevant to achieve alignment of the condenser annulus and phase ring up until
the well’s edge. Table 5.2 demonstrates that the transmission remains virtually unchanged
between these angles, with only significantly larger angles, around 30°, resulting in a slight
reduction in transmission rate. A transmission rate of 91.3% for « = 10° implies that no
substantial darkening can be attributed to reflection at the multiple interfaces if the interfaces
are smooth. For validation, calculations were also conducted with e = 0°for perfectly central
light, showing virtually no difference (e.g., Tiotal = 91.5% for o = 10°).

Consequently, the observed decrease in brightness at positions further from the well center
cannot be explained by this physical mechanism. It is more plausible that this effect results
from other aspects of the mechanical setup or different physical phenomena.
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5.6 Summary and Evaluation

This chapter presented four adaptive component approaches to manipulate the illumination
beam path in a phase contrast microscope to counteract refraction at the meniscus surface.
The approaches were evaluated based on criteria outlined in Section 5.1. The evaluation
incorporated theoretical analysis, optical simulations, and experiments. The results are sum-
marized using Harvey Balls in Figure 5.18.

Phase contrasti High-speed
area capability

DMD . Q Q O Q
Moveable Lens / Annulus Q G @ D @
LCD G G . . G .
Liquid-filled prism D @ G @ Q G
. Excellent G Good D Satisfactory @ Fair Q Poor

Figure 5.18: Harvey Balls representation of the four presented adaptive components. The achiev-
able phase contrast area could not be evaluated for the DMD and the movable lens or movable
condenser annulus because they were excluded from selection before experiments were con-
ducted.

Flexibility | Complexity | Robustness Cost

The DMD was deemed unsuitable due to its high complexity and low flexibility. No ex-
periments were conducted to determine the phase contrast area as other criteria already
disqualified this technology.

The horizontally movable lens or movable condenser annulus was implemented into a demon-
strator. Experiments revealed low precision and speed, failing the high-speed capability cri-
terion. A faster, more robust approach using linear actuators was considered but would not
meet the cost criterion. Consequently, this approach was not further explored to determine
its phase contrast area.

The LCD condenser annulus successfully compensated for the meniscus effect in exper-
iments and simulations. This approach is the simplest, requiring no moving parts, and
demonstrated high robustness. Drawbacks include limited availability of suitable models,
light attenuation, and variations in optical path length.

The liquid-filled prism also performed well in the simulations for meniscus effect compensa-
tion. However, experimental results were inferior to simulation outcomes and did not match
those achieved with the LCD. Image quality was compromised by a significant reduction in
brightness, especially at large prism tilt angles. The primary cause of this effect remains
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undetermined, though shading from limited aperture, dispersion and absorption in the lig-
uid, and reflection at interfaces are likely contributors. Furthermore, handling the liquid-filled
prism is challenging due to the risk of bubble formation.

In conclusion, SRQ2,

Which adaptive components are suitable for high-speed implementation?,

can be answered as follows:

Both the LCD and liquid-filled prism are suitable adaptive components for meniscus effect
compensation. Due to higher robustness, flexibility, lower complexity, and capability for high-
speed imaging, the LCD is selected for subsequent experiments.
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6 Evaluation of Phase Contrast Area
Through Stop-and-Go Meniscus Effect
Compensation

This chapter addresses SRQ3 (refer to Section 3.6):
To what extent can the phase contrast area be increased using adaptive phase contrast
microscopy compared to conventional phase contrast microscopy?

Initially, limiting factors for the phase contrast area are analyzed in Section 6.1 to consider
them during the acquisition process. The demonstrator setup for the following experiments
is presented in Section 6.2, which incorporates the LCD as an adaptive component. Sub-
sequently, in Section 6.3, a process is developed to scan an entire MTP well. To minimize
the adverse effects of motion during acquisition and ensure optimal image quality, the pro-
cedure halts at each imaging position. This process, known as the stop-and-go process or
non-continuous process, will serve as a reference for the high-speed process to determine
whether acquisition during sample movement negatively affects the phase contrast area.
The process includes the calculation of the optimal condenser annulus position displayed
on the LCD based on images acquired through the Bertrand lens. The resulting phase
contrast area for multiple configurations of MTPs and magnifications is determined through
experimental validation in Section 6.4.

6.1 Limiting Factors on the Phase Contrast Area

The achievable phase contrast area is determined by several factors inherent to the experi-
mental setup. Three primary factors identified during the experiments in Section 5.4 are the
shape of the meniscus, the focal position, and shading at the edges of the well.

6.1.1 Meniscus Shape

The meniscus present in an MTP causes incoming light rays to be refracted away from
the center. Rays closer to the well's edge experience stronger refraction, as detailed in
Section 3.3.2. The precise shape of the meniscus defines the regions within a well where
phase contrast conditions are attainable and provides insights into the field curvature. Of
interest is the maximum liquid surface angle up to which meniscus compensation is viable,
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termed the compensation angle in subsequent sections. This angle serves to assess the
effectiveness of a compensation method or to forecast the phase contrast area in a new
vessel with a known meniscus shape.

The meniscus is characterized by its height z(z) relative to its radial position x, with the

surface angle expressed as
(@) " dz
a(xr) = arctan { — |,
dx

as illustrated in Figure 6.1. As discussed in Section 3.3.1, calculating the meniscus shape
analytically is not feasible. Consequently, this section focuses on approximating the shape
based on empirical measurements.

\

z(x) a(x)
[ %

Figure 6.1: Meniscus shape in an MTP well.

The confocal chromatic 1D distance measuring principle was chosen to measure the menis-
cus shape. Being an optical metrology method, it does not alter the meniscus shape. Mea-
surements are performed from above, necessitating a high NA to accurately measure steep
slopes, though a high NA reduces the measurement range [Mur12].

The confocal chromatic sensor model MicroEpsilon IFS2407/90-0,3, with an NA of 0.5, was
selected for its ability to measure slopes up to 27° as stated in the datasheet. The sensor
was mounted above a microscope stage for moving the MTP, which was filled with water.
Water was chosen over cell medium due to its availability and ease of handling. Since cell
media primarily consist of water, their material properties are similar, although pure water
exhibits slightly lower viscosity and density [Po022]. The measurement involved moving
the sample in parallel lines along the x-axis, akin to HSM image scanning, while the sen-
sor measured the distance to the meniscus from above [Sch16b]. The setup is illustrated
schematically in Figure 6.2.

The sensor’s limited range of 300 um prevented a measurement of the meniscus bottom
and edges within one run. Therefore, the measurement was repeated three times, adjusting
the sensor height by approximately 250 um between measurements, and the results were
later computationally combined to create a smooth curve. The measurements produced
three text files containing lists of the distance from the liquid surface to the sensor over
their respective x and y positions. The inter-point distance was 10 um in the x-direction and
100 um in the y-direction. Positions where the sensor was out of range were marked as inf.
Due to the limited measurement range and sensor availability, only 24-well MTPs could be
measured.
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Figure 6.2: Setup to measure the meniscus shape. The confocal chromatic sensor (1) is mounted
above the meniscus (2), which is contained inside an MTP (3). The microscope stage (4) is
moved during measurement to cover the whole meniscus. The sensor measures the distance d
between itself and the meniscus surface. Due to the limited sensor range, the height h is adjusted
between measurements to scan the whole depth of the meniscus.

The meniscus shape was approximated from the three files using a Python script. Due to
the rotational symmetry of the meniscus, a single cross-section through the center of the
well can effectively represent the entire 3D geometry. The process of approximating the
meniscus shape involved several steps:

1. Determining the center of the well,
2. Aligning the z-positions of the curves from the three data files,
3. Merging the aligned curves into a single continuous curve,

4. Applying polynomial approximation to smooth the resultant curve.

Determining the Well Center Since the well’s center was not known a priori, it first had
to be determined from the measurement data that included the well bottom. Cross-sections
along the y-axis were analyzed for each x-coordinate to find the y-coordinate of the well’s
center. Parabolic interpolation was applied to all cross-sections on these data points to
pinpoint the y-coordinate of the lowest point on each parabola, and the median of these
lowest-point y-coordinates was selected to represent the well’s center in the y-direction most
accurately.

Alignment of Z-Positions With the center of the well established, a cross-section in the
x-direction was extracted from each of the three files through the determined y-coordinate.
The three curves were then imported into the script with inf values removed, as illustrated
in Figure 6.3a. These curves were combined into a continuous curve by calculating the dis-
placement between them and adjusting their positions accordingly. In addition to the vertical
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displacement from varying sensor heights, the horizontal displacement was also consid-
ered due to slight sample movements between measurements. The optimal alignment of
adjacent curves was determined by applying various shifts and minimizing the error in over-
lapping regions using the L1-norm. The configuration exhibiting the smallest L1-norm was
selected.
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(c) Interpolated meniscus shape. (d) Angle « derived from the meniscus shape. Areas

of interpolation and extrapolation are marked.

Figure 6.3: Deriving the meniscus shape z(x) and angle « from distance measurements once the
well’s center is established. Shifting the raw curves (a) results in (b). Applying a polynomial fit
and extrapolating values to the well’s edge produces (c), where the interpolated curve is overlaid
over the merged raw curve. The angle « throughout the meniscus is depicted in (d), where the
values calculated through extrapolation instead of interpolation are marked. The x and z axes are
not to scale.

Merging the Curves Upon applying the optimal shift, duplicate values at identical x-
positions were eliminated, and the curves were merged. The curves were mirrored and
adjusted to ensure that the lowest point corresponded to a height of 0 mm, as depicted in
Figure 6.3b.
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Polynomial Approximation The final step involved smoothing the curve by fitting it with a
polynomial. Tests revealed that a fourth-order polynomial most accurately represented the
data. Due to symmetry, all odd-order terms were eliminated. The 0" order term was omitted
because it depends on the liquid level, ensuring that a height of 0 mm represents the lowest
point of the meniscus. The meniscus height z(z) is thus approximated by Equation 6.1:

1 1
z(z) = 0.00618164——2z” + 0.0001277—— " (6.1)
mm mm

The fitted curve is superimposed on the measurement data in Figure 6.3c.

For further analysis, the angles at the liquid surface were calculated at each position using
the derivative @ = arctan (%) and trigonometric relationships. The results are plotted
in Figure 6.3d. It is evident that measurements with the confocal chromatic sensor were
feasible only up to o = 15°, contrary to the manufacturer’s claim of 27°. This discrepancy
is likely due to shading at the well edge and the lower reflectivity of water compared to solid
surfaces. Therefore, the meniscus height at angles o exceeding 15° was determined by

extrapolation instead of interpolation.

6.1.2 Focal Position

Another limiting factor affecting the phase contrast area is the focal position. Maintaining the
specimen in focus is crucial not only for obtaining sharp images but also to ensure that the
incident light traverses the specimen, inducing a phase shift necessary for phase contrast
conditions. The precise focusing of both the objective lens and the condenser lens is vital to
establish Kéhler illumination (see Section 2.2.2). Any misalignment in focus can distort the
illumination of the condenser annulus, causing misalignment with the phase ring [Mur12].
Achieving this is particularly challenging during continuous image acquisition across the
entire well because the z-position of the condenser lens can only be adjusted manually.
While Kéhler illumination might be successfully established at the center of the well, focal
misalignments can occur toward the well's edges, thereby reducing phase contrast.

6.1.3 Shading at the Well Edges

A notable limitation of phase contrast microscopy is the shading observed near the edges
of wells, which became evident in the experiments discussed in Section 5.4.2. The shad-
ing caused by the MTP wall significantly darkens the image, consequently reducing overall
contrast, even in the absence of adaptive components. As a result of this effect, achieving a
phase contrast area of 100% is not feasible.

To address this limitation, a method was developed to quantify the maximum achievable
phase contrast area, which serves as an upper bound for meniscus effect compensation.
This upper bound is determined by analyzing the brightness gradient in phase contrast
images covering entire wells, from the center to the edge. A cut-off point is defined as the

Chabter 6: EVALUATION OF PHASE CONTRAST AREA THROUGH STOP-AND- 92
P ) Go MENIscUS EFFECT COMPENSATION



location beyond which the average gray value falls below a threshold of 70% of the maximum
brightness after applying a median filter, indicating a decrease in brightness past this point.
A circle is subsequently fitted to closely correspond with this cut-off boundary. An illustration
of this method using a 24-well MTP at 4x magnification is shown in Figure 6.4.

—— Well edge

2004 /\/ Shading edgg \’\
1501

100 A
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(a) MTP. (b) Cross-section.

Figure 6.4: Determining the upper bound for the phase contrast area due to shading. The upper
bound is indicated by an orange circle for a 24-well MTP in (a). The green dashed line represents
the position of a cross-section along the z-axis through the image. The gray values g are analyzed
along this cross-section in (b). The diameter of the well is marked in green, and the upper bound
for the phase contrast area is marked in orange.

The phase contrast areas obtained for various configurations of MTPs and magnification
levels are presented in Table 6.1. The findings demonstrate that both the magnification and
the numerical aperture of the objective lens significantly influence the results. The upper
bound of only 40% phase contrast area in the case of 24-well MTPs with 4x magnification
indicates that the shaded area can constitute the majority of the image in small wells ob-
served with a low-NA objective. Additional example images are provided in the Appendices
in Figure A.5.

Table 6.1: Approximate maximum possible phase contrast area for different configurations of MTPs
and magnifications when considering shading.

6 4 0.13 73
24 4 0.13 40
24 10 0.30 82
96 10 0.30 83
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6.2 Demonstrator Setup

The demonstrator incorporates the LCD condenser annulus unit and is used for all subse-
quent experiments. It is based on the Ti2-E (Nikon, Japan), a commercial phase contrast
microscope. Numerous modifications were implemented to enable adaptive phase contrast
microscopy. Figure 6.5 presents a schematic drawing, while Figure 6.6 shows a photograph
of the setup.

0}

O
DD

Figure 6.5: Schematic drawing of microscope setup used for all following experiments (adapted from
[Nie25]). (1) Light source. (2) Aperture. (3) LCD condenser annulus. (4) Condenser lens. (5)
MTP. (6) Piezo z-stage. (7) Microscope stage. (8) Objective lens with phase ring. (9) Motorized
rotatable mirror. (10) Primary camera. (11) Tube lenses. (12) Secondary camera. (13) Bertrand
lens.

Where feasible, the original components of the microscope were preserved. The internal
mirrors, beam splitters, and objective lens revolver were retained. The ELWD condenser
lens (Nikon, Japan) with an NA of 0.29 and a working distance of 75 mm was chosen. The
objective lens revolver allows switching between two objective lenses. For 4x magnification,
a CFI Plan Fluor DL 4x PhL (Nikon, Japan) with an NA of 0.13 was used, while for 10x
magnification, a CFI Plan Fluor DLL 10x (Nikon, Japan) with an NA of 0.30 was employed.
The microscope features a z-axis that adjusts the distance between the specimen and the
objective lens by moving the objective revolver vertically. This axis has a range spanning
several millimeters but operates relatively slowly. Because it lacks the precision of the piezo
z-axis, it is referred to as the coarse z-axis.
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Figure 6.6: Photograph of the final demonstrator. The same numbers as in Figure 6.5 are used.
(1) Light source. (3) LCD condenser annulus unit. (4) Condenser lens. (5) Specimen. (6)
Piezo z-stage. (7) Microscope stage. (10) Primary camera. (12) Secondary camera. Non-visible
important components: Objective lens, height-adjustable objective revolver, Bertrand lens.

To facilitate adaptive phase contrast microscopy, the following modifications were made:

Stage and Stage Controller The ScanPlus IM 130 x 85 (Marzhauser Wetzlar, Germany;
number 7 in Figure 6.5) is utilized for x and y directional movements, achieving velocities
up to 120 mm/s and accelerations up to 500 mm/s?. The Tango 4 controller (Marzhauser
Wetzlar, Germany) operates the stage. lts key feature for continuous scanning is the ca-
pability to emit path-synchronous trigger signals, which are vital for coordinating multiple
components. Additionally, an extra axis can be connected as an external z-axis for rapid
z-focusing.

Piezo Z-Stage Compared to the built-in coarse z-axis, the piezo z-stage (SPS-D90500-
001, nanoFAKTUR, Germany; number 6 in Figure 6.5) offers greater precision and dynamic
response, allowing focal distance adjustments within milliseconds. However, its limited
range of 400 um necessitates its use in combination with the microscope’s coarse z-axis
for focus adjustments. The analog input, scaling a signal from 0V to 10V to piezo height
values between 0 um and 400 um, permits high-speed focal distance control.
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Light Source Due to short exposure times during continuous scanning, a bright light
source is essential [Sch16b]. The LED LE CG P3AQ (ams-Osram, Austria) delivers up
to 18,000 Im luminous flux and is placed in the light house, in front of the collimator lens
(number 1 in Figure 6.5). Its peak wavelength of 520 nm (green) aligns with the design
wavelengths of the objectives’ phase rings, enhancing contrast. The LED controller (PLCS-
21, Picolas, Germany) and pulse generator (LDP-V 80-100 V3.3, Picolas, Germany) ensure
rapid rise and fall times of less than 1 ms and include a trigger input. A custom aluminum
housing accommodates the LED and its controllers and also serves as a cooling body.

LCD Condenser Unit The condenser unit was replaced with a configuration housing the
LCD, as detailed in Section 5.2.3 (number 3 in Figure 6.5).

Cameras Adaptive phase contrast microscopy requires two cameras: a primary camera
for specimen observation (number 10 in Figure 6.5) and a secondary camera (number 12
in Figure 6.5) to monitor the overlap between the condenser annulus and phase ring via
the Bertrand lens. The Bertrand lens (number 13 in Figure 6.5) was already integrated into
the microscope. The same camera model (VC-5MX2-M289, Vieworks, Korea Republic) was
selected for both tasks to enhance software compatibility. This model was chosen for its
small camera chip, measuring 6.5mmx5.4 mm (8.45 mm diagonal), which minimizes field
curvature within an image, thereby creating more uniform phase contrast conditions (refer
to Section 2.1.8). A small pixel pitch of 2.5um ensures a high sampling rate for capturing
sharp images. The global shutter facilitates synchronization with the light source, avoiding
artifacts associated with rolling shutters [Fan23]. With a maximum frame rate of 289 fps, the
camera exceeds the LCD’s refresh rate, preventing it from being a speed bottleneck. Since
only monochrome images are needed, no color filter is used. The cameras communicate
through the CoaXPress 2.0 standard with the frame grabber (Coaxlink Quad CXP-12-4GB,
Euresys, Belgium), capable of handling concurrent data transfer from both cameras.

6.3 Scanning Procedure

This section outlines the adaptive phase contrast microscopy technique for capturing images
of a complete MTP well using a stop-and-go approach. Initially, Section 6.3.1 introduces an
algorithm that determines the position of the virtual condenser annulus displayed on the
LCD, relying on observations of the displacement between the condenser annulus and the
phase ring. Afterwards, Section 6.3.2 details the procedural steps for image acquisition of
specimens located in MTPs.
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6.3.1 LCD Condenser Annulus Parameter Calculation

A method has been devised to determine the optimal parameters for the LCD condenser
annulus by analyzing the displacement between the condenser annulus and the phase ring,
as observed through the Bertrand lens. This method is repeatedly employed throughout the
procedure.

The approach is founded on empirical measurements. Utilizing camera images alone to
calculate the necessary condenser annulus parameters, this method inherently accounts
for all system variables affecting the condenser annulus position. This includes properties
of the cell medium, environmental conditions, lens geometry, and optical component align-
ment, among others, thereby eliminating the need for separate consideration compared to
an analytical method to calculate condenser annulus parameters. Furthermore, the pro-
cedure obviates the necessity for iterative adjustments, ensuring efficiency and facilitating
integration into high-speed processes. The procedure consists of the four steps illustrated
in Figure 6.7.

Annulus parameter Calculate annulus center | |Subtract phase ring
calculation using image analysis center
Multiply with scaling Add to default
factor to get annulus shift position

Figure 6.7: Flowchart showing the major steps of the LCD condenser annulus parameter calculation.

Before starting the process, images must be acquired with the Bertrand camera where the
default condenser annulus is displayed on the LCD. During the first step of the process,
image analysis is employed to ascertain the position of the condenser annulus (denoted as
cf) as viewed through the Bertrand lens. The displacement between the condenser annulus
and the phase ring, Ad, is derived by subtracting the calibrated position of the phase ring
center. To align the condenser annulus with the phase ring, the position of the condenser
annulus displayed on the LCD must be adjusted according to the measured displacement. A
linear relationship exists between Ad and the optimal shift of the condenser annulus on the
LCD for meniscus effect compensation (denoted as Ap), due to the linear characteristics of

the optical components in the beam path. The shift is represented by Equation 6.2:
Ap = KAd, (6.2)

where K is a scaling factor. Due to symmetry, the same scaling factor K applies to both the
x and y directions. The ideal LCD condenser annulus position §7'is then obtained by adding
this shift to the default position py, as expressed in Equation 6.3:

P = Ap+ po. (6.3)
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The image analysis process for obtaining Ad is elaborated in the subsequent section, fol-
lowed by the calculation of the linear scaling factor K.

Condenser Annulus Calculation Using Image Analysis

The objective of this process is to compute the offset between the condenser annulus and
the phase ring in images by identifying and subtracting their respective center points. Im-
ages are captured using the secondary camera through the Bertrand lens while the LCD
condenser annulus is in its default position. The center of the phase ring is established
through a calibration process, whereas the center of the condenser annulus is indepen-
dently calculated for each position within the well. Both centers are determined using the
same algorithm but require distinct parameter sets due to variations in lighting conditions.
Figure 6.8 presents examples of images of the phase ring and condenser annulus, with their
outlines and centers identified through image analysis.

4 N

A

(a) Phase ring. (b) Condenser annulus.

Figure 6.8: Image analysis of images acquired through the Bertrand lens using the secondary cam-
era. The detected phase ring outline is marked with red circles (a). The detected outline of the
condenser annulus is indicated by a pink circle (b).

The image analysis begins by downscaling the images to 20% of their original size, signifi-
cantly reducing computational time. Although this scaling might decrease precision, exper-
iments demonstrate that it does not impede successful alignment between the phase ring
and condenser annulus [Nie25].

Next, contrast-limited adaptive histogram equalization (CLAHE) is applied to enhance image
brightness, particularly in dark regions affected by the phase ring [Piz87]. Subsequently,
binary thresholding is used to highlight the ring’s outline, enabling the segmentation of a
continuous ring.

Contour detection is then employed to extract ring edges [Suz85]. To ensure accurate con-
tour detection, only contours within expected size ranges are retained, discarding those
significantly smaller or larger. Contours deviating considerably from a circular shape are
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also excluded, determined by the roundness value o calculated by Equation 6.4 [Nie25]:

47 A
0= ?, (64)

where A is the area and P the perimeter.

If multiple contours remain (e.g., inner and outer edges of the ring), the largest contour is
selected. To accommodate irregularities in the contour shape, an ellipse is fitted using an
approximate mean square algorithm [Tau91]. An ellipse is preferred over a simple circle as
the condenser annulus may appear distorted near the well’s edge due to the changing slope
of the meniscus. The center point of the ellipse is considered the ring’s location.

Experiments demonstrated that the computation time is less than 10 ms, making it suitable
for high-speed processing. A study was conducted to evaluate the accuracy of the image
analysis in adjusting the condenser annulus. A total of 500 images were manually labeled,
and the displacements of the condenser annuli were calculated using image analysis. The
results of both methods were then compared.

It was determined that errors, defined as the difference between manually labeled and com-
putationally calculated ring centers, of up to 15.0 pixels (after scaling down) were acceptable
for maintaining alignment between the condenser annulus and the phase ring [Nie25]. In
all 500 images, the error was below 15.0 pixels without exception, with a median error of
1.4 pixels and a mean error of 2.6 pixels.

Linear Regression to Determine the Scaling Factor

The linear relationship described in Equation 6.2 necessitates a constant scaling factor with
K. This factor can be expressed by Equation 6.5:

K — AM;—!J
Aldl

(6.5)

where A\cf\ represents the magnitude of the observed displacement between the condenser
annulus and the phase ring, and A|p] corresponds to the magnitude of the condenser an-
nulus shift on the LCD from its default to optimal position. Since the ratio between Ad and
Ap'is consistent in both the x and y directions, scalar values for K can be calculated using
the absolute magnitudes. This relationship is expressed in Equation 6.6:

A|ﬁ‘ _ Ap, _ Apy
Ald]  Ady  Ady’

(6.6)

where Ap, and Ad, denote the x-components of A|] and A|d], respectively, while Ap,
and Ad, denote their corresponding y-components.
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To determine the scaling factor, experiments were performed by measuring pairs of Ad
and Ap' across multiple MTPs and under various magnifications. Although K varies with
magnification, it remains independent of the well size [Nie25]. At multiple positions within
each well with varying distances from the well center, the default LCD condenser annulus
was displayed, and images were captured with the secondary camera. Image analysis was
then performed to determine the annulus displacement Ad. Subsequently, the condenser
annulus was manually adjusted until alignment was visually confirmed by a human observer,
and this position was recorded as p. The different pairs of A]cﬂ and A|p] were plotted in a
graph. A linear regression was then performed to determine the scaling factor. The results
for K were found to be 0.0037 mm/pixels for 4x magnification and 0.0098 mm/pixels for 10x
magnification. The regression results are illustrated for 10x magnification in Figure 6.9.
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Figure 6.9: The necessary LCD condenser annulus shift, A |p], to achieve concentricality with the
phase ring plotted over the condenser annulus displacement, A|(f|, from the phase ring at a
given position with 10x magnification. A regression line is calculated based on these data points
to determine the scaling factor K. Error bars in x-direction show the 75" percentile of the image
analysis error, while the error bars in y-direction show the estimated deviation in the accuracy of
the user to determine the condenser annulus position [Nie25].

6.3.2 Scanning Process Sequence
The measurement process is structured into a sequential workflow, comprising four main
steps. The flowchart depicted in Figure 6.10 provides an overview of the entire procedure.

Prior to commencing the primary steps, the process begins with an initialization phase that
involves establishing connections to all essential hardware, including cameras, the light
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Figure 6.10: Flowchart of the non-continuous scanning process, showing the four main subroutines.

source, the microscope stage, and the LCD. Subsequently, the microscope is configured,
such as by selecting the appropriate objective lens. The trajectory for the main scans is com-
puted, specifying the coordinates for all imaging positions within the following primary steps.
The primary steps — Phase Ring Calibration Scan, Autofocus Scan, Adaptive Stop-and-Go
Scan, and Stitching — are detailed in the following sections.

Phase Ring Calibration Scan
The Phase Ring Calibration Scan is an optional procedure designed to identify the phase

ring’s position and adjust the default condenser annulus position. This step may be omitted
to optimize time efficiency if previously completed. The process is depicted in Figure 6.11.

( ™
Phase Ring Move to well Enable secondary
Calibration Scan L center camera

( ) 4 ) ( N\
Lyl Tumn LCD . Acquire image Calculate phase ring
completely white center
(. J/ N\ J/ (N J
( ) 4 ) ( N\
Display default . Calculate condenser
—®| annulus on LCD Acquire image annulus center —‘
(. J/ N\ J/ (N J

Define new
default annulus

Figure 6.11: Flowchart of the Phase Ring Calibration Scan.

Initially, the specimen is positioned so that the well’s center aligns with the microscope’s op-
tical path. This is accomplished by positioning the microscope stage at the known location of
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the well’s center. Following this, the rotatable mirror inside the microscope is automatically
adjusted to enable the secondary camera to focus on the phase ring through the Bertrand
lens. The LCD is commanded to display a completely white screen by rendering a ring
with an inner radius of 0 and an outer radius exceeding the dimensions of the screen. This
configuration allows the camera to visualize the phase ring as a black ring against a white
background. The phase ring detection algorithm, detailed in Section 6.3.1, is applied to
locate the phase ring’s center. The position of the phase ring remains constant for all sub-
sequent images as it is fixed within the objective lens.

Simultaneously to image analysis, the LCD is instructed to project the default condenser
annulus corresponding to the specified magnification. The same image analysis algorithm,
with modified parameters, is then utilized to identify the center displacement of the con-
denser annulus Ad.

To establish a more accurate default condenser annulus position, the difference between
the phase ring center and the latest condenser annulus center is calculated. The condenser
annulus shift Ap'is determined by Equation 6.2, which is used to calculate the new default
condenser annulus position py. The newly defined default condenser annulus position is
now concentric with the phase ring. This position serves as the reference in all subsequent
scans.

Autofocus Scan

The objective of the Autofocus Scan, illustrated in Figure 6.12, is to identify the focal po-
sitions (z-dimension) for all imaging points (x and y dimensions) during the subsequent
Adaptive Stop-and-Go Scan. Although measuring the exact focus at each imaging position
would ensure optimal accuracy, it is impractical due to the extensive time requirement, given
the potentially hundreds or thousands of imaging positions involved. Consequently, the pro-
cess involves scanning the z-height at a select few positions per well and interpolating the
focus for the remaining points, as demonstrated by Schenk [Sch16a]. Schenk’s research
indicates that the bottom of a well can be approximated as a tilted plane, which is a principle
applied in this scanning process. While a plane can technically be constructed from three
base points, four points are employed in this implementation to enhance precision.

The stage is programmed to move the specimen to four distinct points per well, evenly dis-
tributed around the center of the well. The coarse z-axis remains at its default setting, which
must be selected to ensure that the focused position is accessible within the piezo’s range;
this can be verified through a calibration process initiated after launching the microscope.
At each designated point, image stacking is performed by incrementally adjusting the piezo
from its lowest to highest position while capturing images. The optimal z-position for each
point is determined using the Laplacian operator, which enables efficient evaluation due to
its fast computational time (see Section 2.4.8). Subsequently, interpolation and extrapola-
tion between these points are then utilized to ascertain the focus position for every scanning
point.
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Figure 6.12: Flowchart of the Autofocus Scan.
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Adaptive Stop-and-Go Scan

The Adaptive Stop-and-Go Process, depicted in the flowchart in Figure 6.13, is a method
developed to obtain phase contrast images with meniscus compensation. At each image
position, the microscope stage halts to ensure the specimen remains stationary during im-
age capture. This technique eliminates motion artifacts from the images. Therefore, it can
be presumed that this process achieves the optimum phase contrast area attainable using
the LCD condenser annulus, making it suitable for benchmarking subsequent high-speed
experiments.

The process involves sequentially moving to each imaging position, beginning with adjusting
the focus via manipulation of the piezo z-axis. Images are captured with a slight overlap to
each other of 5% the image size to correct positioning errors and facilitate stitching. Upon
reaching an imaging position, a brief pause in the order of 500 ms is taken to allow the liquid
in the MTP to stabilize. An acceleration of 30 mm/s2 is used, as it was identified as the max-
imum without causing the liquid within the well to slosh. Subsequently, the LCD displays the
condenser annulus in the default position py. The secondary camera is engaged by rotating
the mirror, and an image is captured. This image serves to determine the eventual LCD
parameters. These parameters are calculated using the algorithm detailed in Section 6.3.1.
Once computed, the correct position ' is transmitted to the LCD controller and displayed.
At this point, an optional image can be captured with the secondary camera, which, while
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Figure 6.13: Flowchart of the image acquisition using the Adaptive Stop-and-Go Scan.

not critical to the process, can confirm the success of the annulus shift. Finally, the main
camera is engaged by rotating the mirror, and an image of the specimen is captured and
saved. Preprocessing, including histogram adjustment and shading correction, is applied to
each image immediately after acquisition (see Section 2.4).

Stitching

Stitching is performed to combine individual images into a continuous compound image of
the entire well. If images of multiple wells are acquired in a single scan, they are stitched
separately into individual images for each well. A simplified flowchart of the process is
presented in Figure 6.14.

Before stitching, preprocessing steps such as histogram adjustment and shading correction
are performed to standardize conditions across different images (refer to Section 2.4). The
stitching process itself is divided into three stages: feature recognition, matching, and plac-
ing images on a canvas. Although not depicted in the flowchart for simplicity, feature recog-
nition is carried out immediately after each image acquisition in a parallel thread alongside
image preprocessing to save time, allowing matching to commence as soon as the acquisi-
tion process concludes. Users have the option to select from SIFT, SURF, or ORB algorithms
for feature recognition.

During the matching process, all pairs of neighboring images are iterated to compute their
optimal relative placement. Once matching is complete, all images are placed on a canvas.
The first image serves as an anchor, with subsequent images positioned relative to those
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already placed. In overlapping regions, the image placed later is displayed on top of the
previous one.

| no
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image?
I'yes

Match features of Calculate optimal shift Repeatg d yes
iqhboring i bet ¢ iahb for all pairs of
neighboring images etween two neighbors neighbors?

| no

Combine images to one
composed image

Figure 6.14: Flowchart of the stitching procedure.

6.4 Validation Through Experiments to Determine the Phase
Contrast Area

The ability of adaptive phase contrast microscopy to mitigate the meniscus effect was val-
idated experimentally. Employing the non-continuous scanning method described in Sec-
tion 6.3.2, these experiments were designed to identify the maximum phase contrast area
achievable using the LCD condenser annulus configuration. Acquisition time was also mon-
itored, serving as a benchmark for assessing high-speed scanning capabilities, and is dis-
cussed further in the context of high-speed experiments in Section 7.4.3. This section begins
with an introduction to the experimental design in Section 6.4.1, followed by the presenta-
tion of results in Section 6.4.2. Due to the challenges in evaluating the phase contrast area
in 96-well MTPs, these results are examined separately in Section 6.4.3. Section 6.4.4
addresses the role of field curvature in producing varied outcomes for 96-well MTPs, and
quantifies its effect on the phase contrast area. This section concludes with a discussion in
Section 6.4.5.

6.4.1 Experimental Design

The experiments utilize the demonstrator described in Sections 6.2 and the methods de-
scribed in Section 6.3. Various combinations of MTPs and magnifications were used, with
MSCs as specimens. The configurations include: 6-well MTPs with 4x magnification, 24-well
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MTPs with 4x magnification, 24-well MTPs with 10x magnification, and 96-well MTPs with
10x magnification. The 6-well and 96-well MTPs span the spectrum of well sizes, allowing an
investigation into the method’s effectiveness across different well sizes. The use of both 4x
and 10x magnifications with 24-well MTPs demonstrates the impact of magnification and nu-
merical aperture on the phase contrast area. For each configuration, a conventional phase
contrast microscopy process acts as a benchmark for assessing the phase contrast area
and the minimum achievable acquisition times. Three wells were imaged for each experi-
mental run and configuration. The phase contrast area was calculated using the algorithm
detailed in Section 4.2.

6.4.2 Resulting Phase Contrast Area

Figure 6.15 displays the phase contrast area achieved with a 24-well MTP under 10x mag-
nification. This figure contrasts the adaptive phase contrast microscopy method with con-
ventional phase contrast microscopy. Additional example results for different configurations
are available in the Appendices, specifically in Figures A.6, A.7, and A.8.

gy R

(a) Conventional phase contrast microscopy. (b) Adaptive phase contrast microscopy.

Figure 6.15: Images of a whole MTP24 well with 10x magnification as a result of the validation
experiments.

Table 6.2 provides a summary of the phase contrast area results for 6-well MTPs with 4x
magnification, 24-well MTPs with 4x magnification, and 24-well MTPs with 10x magnifi-
cation. The findings for 96-well MTPs with 10x magnification are discussed separately in
Section 6.4.3.
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Table 6.2: Phase contrast areas for different MTPs and magnifications. Std represents the absolute
standard deviation of the phase contrast area across different wells. The ratio is defined as the
mean phase contrast area of the adaptive method and the regular method.

Mean [%]

Std [%]

~ D
_Agap

Std [%]

Mean [%]
6 4 30.5 1.8 | 53.1 1.2 1.7
24 4 2.3 0.1 | 23.8 16 | 10.2
24 10 6.1 0.2 | 41.6 1.8 6.8

Table 6.2 reveals a substantial increase in the phase contrast area. The precise phase
contrast area is significantly influenced by the MTP type and objective lens, which differ in
magnification and numerical aperture. Higher-order MTPs tend to have a reduced phase
contrast area for both conventional and adaptive phase contrast microscopy. Greater mag-
nifications, associated with larger NAs of the utilized objective lenses, lead to an expanded
phase contrast area. For 24-well MTPs with 4x magnification, an increase by a factor of
10.2 in the phase contrast area has been recorded. The smallest relative enhancement,
a 1.7-fold increase, is observed for 6-well MTPs, where the initial value is already 30.5%.
Figure 6.16 displays the phase contrast area superimposed on images for 6-well MTPs with
4x magnification.

(a) Conventional phase contrast microscopy.

(b) Adaptive phase contrast microscopy.

Figure 6.16: Images of a whole MTP6 well with 4x magnification as a result of the validation experi-
ments. The phase contrast area is marked in orange.
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Statistical Significance

To determine the statistical significance of the increase in the phase contrast area, a t-test
for two independent samples was performed. The null hypothesis, Hy, posited that there
is no significant difference in phase contrast areas. Conversely, the alternative hypothesis,
H,, suggested that the phase contrast area is greater when using adaptive phase contrast
microscopy. A significance level of @ = 1% was selected as the threshold for rejecting
the null hypothesis. Table 6.3 presents the results of the hypothesis tests. The p-values
obtained are each below 0.0001, or 0.1%, which is significantly lower than «. This indicates,
with statistical significance, that the phase contrast area can be increased across all three
configurations.

Table 6.3: Results of the hypothesis test (t-test) for two independent samples to determine if the
mean phase contrast area of adaptive phase contrast microscopy is larger than that of regular
phase contrast microscopy. Difference indicates the disparity in mean phase contrast area. 99%
Lower Limit describes the 99% probability of not falling below this value. t-values are the t-values
from the hypothesis test, and p-value represents the significance level of the calculation.

6 4 22.5 16.8 17.83 | 0.000192

24 4 21.5 15.0 22.88 | 0.000952
24 10 35.4 28.3 34.51 | 0.000419

Comparison with Upper Bound of Phase Contrast Area

Although the phase contrast area achieved through adaptive phase contrast microscopy
may initially appear limited, especially with 23.8% for 24-well MTP at 4x magnification, it is
important to recognize that full compensation is restricted by shading at the edge of the well,
as detailed in Section 6.1.3. Therefore, assessing the phase contrast area as a proportion of
the upper bound for the achievable area offers a more accurate insight into the technology’s
capabilities. The findings are presented in Table 6.4. It is evident that, despite the seemingly
small phase contrast area, the 23.8% for 24-well MTP at 4x magnification represents 60%
of the optimal potential. For all three configurations in adaptive phase contrast microscopy,
more than 50% of the well area is visible under phase contrast conditions relative to the
upper bound.

6.4.3 Challenges with 96-Well MTPs

Evaluating the measurement results of the 96-well MTPs presents various challenges. Quan-
tifying the phase contrast area for an entire well is difficult due to significant inhomogeneities
within individual images. Figure 6.17 provides example images that illustrate these inhomo-
geneities.
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Table 6.4: Phase contrast area of adaptive phase contrast microscopy as a share of the upper bound
when considering shading at the edge of the well. Relative Phase Contrast Area represents the
share of the phase contrast area compared to the upper bound. Phase contrast is abbreviated as
PC.

- O - Pl ~ LJ -
' ad atio = Are ° pper BO o 0 A a

6 4 53.1 73 73

24 4 23.8 40 60
24 10 41.6 82 51

(a) Conventional phase contrast microscopy. (b) Adaptive stop-and-go phase contrast microscopy.

Figure 6.17: Comparison between regular phase contrast microscopy (a) and adaptive phase con-
trast microscopy (b) in 96-well MTPs. Inhomogeneities in phase contrast conditions within indi-
vidual images can be observed.

The inhomogeneity in the images renders the phase contrast area algorithm, described in
Section 4.2, sensitive to minor variations in exposure conditions. As a result, it is not possible
to calculate a reliable phase contrast area. As a result, data from 96-well MTPs is excluded
from the quantitative analysis of the phase contrast area. Nevertheless, qualitative analysis
of the resulting images suggests a notable increase in the phase contrast area, despite the
inability to quantify it.

The observed inhomogeneities in the images are primarily caused by field curvature induced
by the meniscus (see Section 2.1.8). This curvature impedes the establishment of uniform
phase contrast conditions within the images, which will be elaborated upon in the following
section.
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6.4.4 Impact of the Field Curvature on the Results

Images of wells in 96-well MTPs acquired with 10x magnification exhibited inhomogeneities
within individual images, rendering the evaluation of the phase contrast area using the algo-
rithm from Section 4.2 unreliable. This exhibits an inherent limitation of the meniscus effect
compensation approach, which is analyzed within this section.

Inhomogeneous phase contrast conditions are evident in phase contrast images across dif-
ferent configurations of well sizes and magnifications, though the extent varies. Figure 6.18
offers a detailed view of an individual image within a 24-well MTP acquired with 4x magnifi-
cation, emphasizing this effect.

Figure 6.18: Composite image from adaptive phase contrast microscopy of an MTP24 at 4x mag-
nification, featuring a highlighted single image that exhibits inhomogeneous phase contrast con-
ditions. The inhomogeneities become stronger further from the center. The distance from the
center of this single image to the well center, denoted as r, is approximately 3.6 mm.

The meniscus compensation strategy assumes a uniform meniscus surface angle across the
area captured by a single image. This first-order approximation is necessary because only
one condenser annulus adjustment can be executed for each imaging position. However,
since each camera image captures a two-dimensional section of the well, it is distorted
by the field curvature caused by the meniscus shape, as detailed in Section 2.1.8. Field
curvature can lead to non-uniform phase contrast conditions within an image, resulting in
brighter corners compared to the rest of the image. To quantify this phenomenon, the results
from Section 6.4.2 are analyzed in conjunction with data on the meniscus shape. This
analysis facilitates the determination of the maximum angle of the meniscus surface at which
phase contrast conditions can be sustained, referred to as the phase contrast angle.
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Phase Contrast Angle

This section outlines the procedure to calculate the phase contrast angle « based on mea-
surements of the meniscus shape. The phase contrast angle is used to identify the ra-
dial distance from the well center where field curvature significantly affects imaging due to
pronounced curvature within the camera sensor’s coverage area. These calculations are
conducted for 24-well MTPs, whose meniscus shape was measured in Section 6.1.1. A
comparative analysis is performed for magnifications of 4x and 10x, as magnification influ-
ences the camera’s field of view.

The phase contrast angle is directly derived from the phase contrast area. Because the
wells of the MTP are circular, the phase contrast area is also assumed to be circular. The
phase contrast angle is defined as the meniscus angle at the radial position corresponding
to the edge of this area. The radii of the phase contrast area for different magnifications
are determined using the phase contrast areas listed in Table 6.2. The maximum meniscus
surface angles are derived by evaluating the meniscus angles at these radii. Table 6.5 lists
the results. Figure 6.19 depicts the phase contrast area superimposed on the meniscus
shape.

Table 6.5: Maximum tilt angle of the meniscus surface at the boundary of the phase contrast area
for MTP24 (phase contrast angle). Explanation of columns: Radius: assumed circular radius of
the phase contrast area in mm, a: phase contrast angle.

a0 atio B 0Q Phase 0 Area | % ad

4 conventional 2.3 1.25 0.95

4 adaptive 23.8 4.02 4.76
10 conventional 6.1 2.04 1.68
10 adaptive 41.6 5.32 8.12

Field Curvature by Distance from the Well Center

The analysis of composite images in Section 6.4.2 demonstrates that, even after compen-
sating for the meniscus effect, images positioned farther from the well center exhibit inho-
mogeneous phase contrast conditions. This phenomenon is attributed to field curvature.
Beyond a certain well radius, this issue becomes significant, as phase contrast conditions
cannot be maintained consistently within a single image or across a composite image. The
goal of this section is to determine the minimum distance from the well center at which this
problem arises.

An increase in field curvature leads to greater phase contrast angle differences within a
single image. Inhomogeneous phase contrast conditions occur when the angle difference
within an image exceeds a specific threshold. This angle difference can be quantified using
the maximum phase contrast angle, which was determined in the previous section and is
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(a) 4x magnification. (b) 10x magnification.

Figure 6.19: Overlay of phase contrast (pc) areas at various magnifications on the meniscus shape
calculated in Section 6.1.1. The green patch marks the extent of phase contrast conditions with
conventional phase contrast microscopy, while the orange patch marks adaptive phase contrast
microscopy. The x and y axes are to scale.

summarized in Table 6.5. Due to the rotational symmetry of the meniscus, the angle dif-
ference within the phase contrast area is twice the phase contrast angle. If the meniscus
angle difference within an image (denoted as Ac«) caused by the field curvature exceeds
the phase contrast angle, uniform phase contrast conditions cannot be achieved across the
image, even with optimal alignment of the condenser annulus and phase ring at the image
center. The progressively increasing meniscus angle toward the well edge, depicted in Fig-
ure 6.3d in Section 6.1.1, suggests a minimum distance from the well center where this field
curvature threshold is exceeded.

Calculations were performed to determine the minimum and maximum distance from the
well center where inhomogeneous phase contrast conditions occur. Since images can be
oriented differently, two scenarios were considered: a best case where the short side of the
image aligns parallel to a direct line between the image center and well center, minimizing
the effect of field curvature, and a worst case where the image diagonal aligns with this line,
maximizing the effect of field curvature. The sizes of the individual images depend on the
size of the camera chip, which is 5.4 mm x 6.5 mm, and the magnification.

Initially, curves representing angle differences within an image over well center distances
for both scenarios are calculated. The intersection points of these curves with the phase
contrast angle are determined, representing the nearest and furthest distances from the well
center where field curvature exceeds the phase contrast angle for the first time, contingent
on image orientation. These curves are presented in Figure 6.20. The resulting values are
displayed in Table A.6 in the Appendices.

The minimum distance required to exceed the phase contrast angle is significantly lower
for 4x magnification compared to 10x magnification. With 4x magnification, even images
located near the well center (less than a full image diagonal distance) demonstrate inhomo-
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(a) 4x magnification.
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(b) 10x magnification.

Figure 6.20: Difference between the largest and smallest meniscus angles, A«, within one image,
plotted against the distance r from the well center to the image center for an MTP24. The small-
est effect of field curvature occurs along the short side of the image (light blue curve), while the
largest occurs along the diagonal (dark blue curve). Intermediate orientations are represented by
the light blue area between the curves. The Max pc angle indicates the meniscus angle difference
within the phase contrast area for standard phase contrast microscopy. Min thr (diagonal) marks
the minimum distance from the well center beyond which homogeneous phase contrast condi-
tions are unattainable across the image diagonal. Conversely, Max thr (short side) denotes the
minimum distance along the short side. The edge of the adaptive phase contrast area is shown
as a reference. Phase contrast is abbreviated as pc.

geneous behavior. In contrast, for 10x magnification, the minimum distance in the best-case
scenario is so far outside that no such distance is present within the well. This is illustrated
in Figure 6.21, where the highlighted image is 6.7 mm away from the center and still exhibits
more homogeneous phase contrast conditions than the highlighted image in Figure 6.18,

which is 3.6 mm from the well center.

In summary, the effect of field curvature on well images acquired at different magnifications
and their corresponding NAs was quantified. The analysis demonstrated the extent to which
images captured at lower magnifications are more susceptible to inhomogeneities caused
by field curvature when compared to those acquired at higher magnifications.
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Figure 6.21: Composite image from adaptive phase contrast microscopy of an MTP24 at 10x mag-
nification, highlighting a single image located just beyond the area where homogeneous phase
contrast conditions are achievable. The distance from the center of this single image to the well
center, indicated as r, is approximately 6.7,mm.

6.4.5 Discussion and Critical Reflection

The experiments consistently and reliably increased the phase contrast area across all ob-
served configurations of MTPs and magnifications. The increase is statistically significant
for all configurations where a phase contrast area evaluation was feasible. Higher-order
MTPs generally exhibit a smaller phase contrast area due to the more pronounced cur-
vature of the meniscus shape. The relative increase in phase contrast area is greater for
these configurations. Nonetheless, even in lower-order MTPs, adaptive phase contrast mi-
croscopy facilitates the observation of a substantially larger area, enhancing the utility of
phase contrast microscopy. For all evaluated 6-well and 24-well plates, the phase contrast
area exceeded 50% of the upper limit for the phase contrast area. However, some results
can be reflected critically.

Firstly, it is important to acknowledge that the precise phase contrast area values depend on
the quantification method used and may vary if a different method is employed — therefore,
values can only be compared if the same method with identical parameters is applied. The
algorithm for determining phase contrast conditions relies on multiple inputs, with the relative
threshold 7y being particularly significant, potentially causing variations of a few percent in
the exact phase contrast area values.

A key factor affecting results is the field curvature, which leads to non-uniform phase con-
trast conditions. Despite the camera’s small sensor chip, individual images captured at
4x magnification reveal brighter corners than the center, resulting in inhomogeneity in the
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composite image. Field curvature presents a substantial challenge for adaptive phase con-
trast microscopy, particularly hindering accurate phase contrast area computation for 96-well
MTPs. Alleviating this issue could be achieved by decreasing the FOV through higher mag-
nification, utilizing a smaller camera sensor chip, or cropping the existing camera sensor.
However, such a solution would increase image capture time, as more images would be
required to capture a whole well.

6.5 Summary and Interim Conclusion

This chapter aimed to address SRQS3 (refer to Section 3.6):
To what extent can the phase contrast area be increased using adaptive phase contrast
microscopy compared to conventional phase contrast microscopy?

This chapter first assessed the factors influencing the phase contrast area, identifying the
meniscus shape and shading at the MTP walls as the most significant. It was determined
that substantial portions of the well area remain unobservable under phase contrast con-
ditions due to shading, even with adaptive phase contrast microscopy. Subsequently, a
demonstrator setup for experiments incorporating an LCD condenser annulus was devel-
oped. A scanning methodology for capturing comprehensive images of entire MTP wells
utilizing adaptive phase contrast microscopy was introduced. The method comprises four
main steps: Phase Ring Calibration Scan, Autofocus Scan, Adaptive Stop-and-Go Scan,
and Stitching. A two-step procedure for calculating the LCD condenser annulus position
was also presented. It consists of image analysis of Bertrand lens images to determine the
displacement of the condenser annulus, followed by linear regression.

The entire process was validated through experiments, which measured the phase contrast
area for 6-well MTPs with 4x magnification, 24-well MTPs with 4x and 10x magnification, and
96-well MTPs with 10x magnification. The results demonstrated a significant and consistent
increase in the phase contrast area. Additionally, it was discovered that field curvature within
images caused inhomogeneities in phase contrast conditions, rendering the analysis of 96-
well MTPs with 10x magnification unfeasible. The effect was quantified to determine the
radius at which inhomogeneous conditions become unavoidable.

In conclusion, SRQ3 can be answered as follows:

The phase contrast area can be increased significantly across all assessed configurations
of MTPs and magnifications, ranging from a 1.7-fold increase for 6-well MTPs with 4x mag-
nification to a 10.2-fold increase for 24-well MTPs with 10x magnification.

While it has now been demonstrated that the phase contrast area can be enhanced by adap-
tive phase contrast microscopy, another requirement for the approach is a short acquisition
time. The acquisition time is assessed in the following section.
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7 High-Speed Meniscus Effect
Compensation Using a Continuous
Scanning Method

This chapter is dedicated to address the fourth and final sub-research question (refer to
Section 3.6):

Which acquisition time is achievable for complete wells in microtiter plates? What are the
influencing factors on acquisition time?

Initially, the influencing factors on acquisition time are evaluated in Section 7.1, which are
vital for developing an optimized scanning procedure. Subsequently, the scanning proce-
dure is detailed in Section 7.2. It builds upon the procedure used in Chapter 6 but operates
by acquiring specimen images continuously without pausing for image capture, akin to the
HSM method described in Section 3.2. The software implementation of this procedure is
described in Section 7.3, emphasizing the communication and synchronization between
various components, particularly the LCD, to achieve high-speed. Experimental validation
is performed in Section 7.4 to assess the imaging time under various conditions with dif-
ferent parameters. Moreover, the phase contrast area is compared between a high-speed
scan and the stop-and-go scan from Chapter 6 to evaluate whether increased acquisition
speed affects the phase contrast area. In Section 7.5, the factors influencing these results
are analyzed, followed by a comparison with alternative approaches to mitigate the menis-
cus effect. Finally, Section 7.6 summarizes this chapter and draws conclusions, focusing on
the experimental outcomes and their alignment with the thesis’s objectives.

7.1 Influencing Factors on Acquisition Time

Various factors influence the acquisition time in adaptive phase contrast microscopy, em-
ploying an HSM process as described in Section 3.2. Based on preliminary tests, the most
impactful factors are stage velocity and range, limited acceleration due to liquid sloshing,
camera exposure time and flash duration, and the LCD refresh rate and reaction time. These
factors are evaluated within this section.
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7.1.1 Stage Velocity and Range

This section explores the relationship between the microscope stage’s velocity and range
and the total acquisition time of an adaptive high-speed phase contrast microscopy pro-
cess that acquires images during specimen movement. Each scan has an optimal velocity
determined by acceleration and the available motion range, which can be calculated using
Newton’s laws of motion. It is assumed that linear acceleration can be applied and that
deceleration matches the acceleration, a condition that is approximately achievable by the
microscope stage. The acquisition of a continuous scan is divided into multiple parallel scan
lines, comprising the phases of acceleration, steady velocity, and deceleration, described by
Equation 7.1:

tr, = tacc + tv + tdec (7-1)
= 2tacc +ty
d
=2l & (7.3)
a v

where t, is the scan time for one line, t,cc is the acceleration time, ¢, is the time at maximum
velocity, t4ec is the deceleration time, v is the maximum velocity, a is the acceleration, and
d, is the distance at maximum velocity. To determine the optimal velocity, Equation 7.1 must
be minimized by finding the roots of its derivative with respect to the target velocity, which
yields Equation 7.4:

dty, 2 d,
—Z_ v 7.4
dv a v? (7.4)
Setting this equation to zero and solving for v results in Equation 7.5:
a

Consequently, the optimal velocity is influenced by both available space and acceleration.
Furthermore, achieving the optimal velocity is contingent upon the capabilities of the hard-
ware. The Marzh&user Wetzler SCAN IM 130x85 stage can attain a maximum acceleration
of 500 mm/s? and a maximum velocity of 120 mm/s.

In addition, the stage’s range affects the maximum velocity, as reaching the maximum ve-
locity requires a minimum acceleration distance d,cc. This distance can be calculated using
Equation 7.6 derived from Newton’s laws of motion:

10?2

5 (7.6)

dacc =
If the available space for acceleration is less than dacc, the maximum velocity must be re-
duced, thus increasing the acquisition time.
The Marzhauser Wetzler SCAN IM 130x85 stage has a maximum range of 130 mm x 85 mm.
Given that the size of an MTP is approximately 128 mm x 86 mm, this results in a con-
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strained acceleration distance if the whole MTP is to be imaged, requiring a reduction in
velocity.

7.1.2 Limited Acceleration due to Liquid Sloshing

Excessive acceleration of the specimen generates forces that cause the liquid to slosh, un-
predictably altering the meniscus shape and complicating compensation efforts or rendering
them impossible. Therefore, it is essential to minimize the specimen’s acceleration. How-
ever, a high acceleration is crucial for rapid imaging, presenting a conflict of interest.

A high acceleration is particularly significant for wells near the edge of the MTP, due to the
limited range of the microscope stage. This limited range means that the acceleration dis-
tance to the first column of wells is short; without a high acceleration, the maximum speed
must be restricted, thereby prolonging the acquisition time.

To determine the influence of sloshing, experiments were conducted using HSM with a con-
ventional phase contrast microscope to capture images of an entire well. The phase contrast
area was monitored. Any observed changes in the phase contrast area or inhomogeneous
brightness distributions indicated that the acceleration was too high. Initially, a 24-well MTP
with 10x magnification was utilized. Two specimens were tested: one with a liquid level just
covering the meniscus center by 1 mm and another with liquid occupying approximately two-
thirds of the well volume. The experiments commenced with an acceleration of 10 mm/s?,
doubling in each subsequent experiment until it was capped at 500 mm/s?, the maximum
acceleration of the stage. The maximum velocity for each scan was calculated using Equa-
tion 7.5. When the first excessive acceleration was identified, further experiments were
conducted using accelerations refined through interval halving to establish a more precise
limit.

Images with three different accelerations in wells with low liquid levels are shown in Fig-
ure 7.1. No significant difference is observed between 10 mm/s? and 160 mm/s2. However,
at 500 mm/s?, alternating rows of phase contrast conditions appear, caused by the mean-
dering scanning procedure.

Results for experiments with a high liquid level are presented in Figure 7.2. In contrast to the
low liquid level, sloshing begins to negatively impact the phase contrast area at accelerations
as low as 160 mm/s2. At 500 mm/s?, sloshing becomes so erratic that no discernible pattern
is recognizable. Consequently, sloshing negatively affects the image quality, and higher
liquid levels are more problematic, necessitating a lower stage acceleration.
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(a) a = 10 mm/s2. (b) @ = 160 mm/s2. (c) a = 500 mm/s2.

Figure 7.1: Images of a whole MTP24-well filled with a small amount of liquid, acquired with contin-
uous scanning and different accelerations.

(a) a = 10 mm/s. (b) a = 160 mm/s. (€) a = 500 mm/s?.

Figure 7.2: Images of a whole MTP24-well filled to about two-thirds of its volume, acquired with
continuous scanning and different accelerations.

7.1.3 LCD Refresh Rate and Reaction Time

The LCD is the most time-critical component within the system. Since repositioning the con-
denser annulus is required for each new image position within a well, the refresh rate of the
LCD inherently limits the system’s overall frame rate. This section evaluates the maximum
achievable frame rate and the delays associated with rendering a condenser annulus, which
are critical for designing an efficient scanning procedure.

Experiments are conducted to confirm that the LCD refresh rate aligns with the manufac-
turer’s specifications of 60 Hz and to assess any potential fluctuations or jitter. Furthermore,
tests are carried out to determine if the rendering algorithm on the Raspberry Pi can update
the LCD at the specified refresh rate. Even if the refresh rate conforms to the specified
values and the Raspberry Pi can promptly control the LCD, uncertainties remain regarding
the system’s responsiveness. This includes the LCD, its controller, and the Raspberry Pi, in
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terms of reacting swiftly enough to a signal that prompts a change in the condenser annulus,
as well as the extent of any jitter present. These aspects are examined through separate
experimental investigations.

Refresh Rate

An experiment was devised to measure the transition time between frames during repeated
rendering at the maximum frame rate. A total of ten experimental runs were conducted.
The LCD unit was mounted into the phase contrast microscope, employing the condenser
annulus ring rendering code detailed in Section 7.3.3. The main computer transmitted 15
condenser annulus positions to the Raspberry Pi, which were displayed sequentially. These
positions represented condenser annuli of the same dimensions, shifted incrementally from
left to right along the x-direction in successive images.

The secondary camera observed the virtual condenser annulus through the Bertrand lens.
To reduce data volume and enable a frame rate increase beyond the usual 289 fps, the cam-
era’s ROl was cropped to 496 x 200 pixels, as explained in Section 2.3.2. Consequently, the
frame rate was set to 1000 Hz, equating to image intervals of one millisecond. This setup
allowed the image counts to serve as timestamps for measuring frame transition times. To
ensure an unobstructed view of the LCD, no specimen was inserted into the microscope.
The Raspberry Pi, connected to an external trigger source set to 60 Hz, synchronized with
the LCD’s specified refresh rate. The rendering code updated the condenser annulus po-
sition upon detecting a trigger signal on the Raspberry Pi’'s digital input. The experiment
commenced with the manual initiation of the camera stream and the trigger source. Once
the LCD cycled through all annulus positions, the stream was stopped, and images were
saved.

Table A.3 in the Appendices displays a segment of the resulting images from one experi-
ment. Transitions between annulus positions are visibly distinct. However, these transitions
are not instantaneous, as the LCD’s pixels require several milliseconds to adjust to bright-
ness changes, making the transition time between frames difficult to determine.

To analyze the x-positions of the annuli consistently, an image analysis algorithm was de-
veloped. The algorithm sums the columns in the y-direction to generate a 1D array. The
center of gravity ¢ of this array is then calculated and designated as the image center. This
process is repeated for each image of an experimental run. Figure 7.3 illustrates the center
of gravity over time for one experiment. Phases of constant center positions indicate settled
LCD pixels, with steep gradients marking transitions. Each period comprises approximately
equal durations of the constant and transition phases.
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Figure 7.3: Refresh rate experiments: center of gravity ¢ of the virtual condenser annulus plotted
over the time t since the measurement started. Vertical lines indicate a full switch from one
annulus to the next, as calculated by the algorithm.

To determine exact frame switch times, the algorithm segments the curve of centers of
gravity into smaller sections at positions where the center remains constant, ensuring only
one steep gradient per segment. The transition time for each segment is identified when the
center of gravity first exceeds a threshold ¢y, defined by Equation 7.7:

Gir > qi + 0.7 (qiv1 — qi) s (7.7)

where ¢; is the center of gravity at the beginning of the section and ¢;; is the center of
gravity at the end of the section.

Since initial images are black before the first annulus appears, the first gradient is nearly
vertical, rendering transition times for the first and second frames less reliable. They are
thus excluded. For each experiment, the mean, median, minimum, maximum times, and
standard deviation were analyzed. Statistical analysis, as shown in Table A.4 in the Ap-
pendices, indicates no outliers. All frame switch times are within 1 ms of each other, either
16 ms or 17 ms, corresponding to the measurement’s sampling rate. The average frame
switch time is 16.7 ms + 0.47 ms, consistent with the expected value for a 60 Hz display.
This confirms that the LCD’s performance aligns with the manufacturer’s specifications and
that the rendering code on the Raspberry Pi executes efficiently to maintain this refresh rate
without failure. Moreover, all trigger signals are successfully received and processed. This
confirms the effective operation of the process chain within the Raspberry Pi, covering the
entire sequence from receiving the trigger signal to rendering an annulus on the LCD.
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Reaction Time from Trigger Input Until Frame Rendering

Experimental results from the preceding section suggest that both the LCD and the ren-
dering software function at 60 Hz, ensuring no trigger signals are overlooked. However,
during the actual data acquisition, the trigger frequency may exhibit slight variations, as it is
generated path-synchronously and can fluctuate due to changes in stage velocity. Addition-
ally, it remains uncertain whether the LCD displays each frame immediately after rendering
by the Raspberry Pi or if a constant latency exists. Further experiments are conducted to
investigate this aspect.

An experimental protocol was devised to measure the rendering time for the initial frame
upon receiving a trigger signal. The hardware setup replicated that of the previous experi-
ment, with 15 experimental runs conducted. The approach involved sending a trigger signal
simultaneously to both the camera and the LCD, then determining the initial detection of a
change on the LCD by the camera. The Raspberry Pi was programmed with modified code
to respond solely to the initial trigger signal and subsequently hold the image. Before trigger
reception, the LCD displayed a black image. Upon trigger detection, it transitioned to a com-
pletely white image. This simplification allows the camera to detect a transition on the LCD
more easily, compared to detecting moving rings. To aid this detection, the camera’s ROI
was restricted to 64 x 30 pixels centered on the camera chip, as only a few pixels are neces-
sary to detect the switch from black to white. The camera was set to capture the first image
upon receiving a trigger signal, ensuring synchronous acquisition with the Raspberry Pi, as
they shared the same trigger source set for a rising edge trigger. The acquisition frame rate
was 1000 Hz, with the image number used as a timestamp. Table A.5 in the Appendices
section presents images from one segment of one experiment.

Each experiment began with the activation of the trigger source and ended once the camera
detected only white images. As observed in prior experiments, the LCD undergoes a no-
table transition period before stabilization. Image analysis was employed to determine the
completion of frame switching. Initially, the average brightness of each image in a series was
calculated, reducing each image to a one-dimensional number. The reaction time was iden-
tified as the first instance when brightness exceeded a predefined threshold. This threshold
binr Was set to 80% of the difference between the minimum average brightness bmin and the
maximum average brightness bmax, mathematically expressed by Equation 7.8:

btnr = bmin + 0.8 (bmax — bmin) - (7.8)

The resulting curve for one experiment, along with the reaction time and threshold, is de-
picted in Figure 7.4.
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Figure 7.4: Change in the average image brightness b following a trigger signal sent at 0 ms, rep-
resenting the reaction time of the LCD and Raspberry Pi to an input signal. The orange lines
indicate the time when the image brightness reaches 80% of its peak brightness, marking the
completion of the frame transition after 51 ms.

The key finding from all experiments is that the reaction time to render the first frame signifi-
cantly exceeds the expected 16.7 ms for a 60 Hz display. The mean reaction time, ¢ cp mean.
was 57.2 ms, which is more than three times the anticipated duration. Nevertheless, all reac-
tion times fell within a narrow range of 15ms, less than the duration of one frame (16.7 ms),
indicating the absence of outliers. This observation is depicted in the boxplot shown in
Figure 7.5.
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Figure 7.5: Boxplot illustrating the reaction times between the trigger input and the first frame across
the 15 experiments. A green diamond represents the mean, calculated to be 57.2ms, with a
standard deviation of 4.9ms. The median value is 58 ms. The whiskers include all recorded
times, indicating the absence of outliers. Dashed lines are separated by the LCD’s refresh rate.

The experiment in the previous section demonstrated that rendering a single ring reliably
completes within one frame, indicating that the delay cannot be attributed to the Raspberry

HIGH-SPEED MENISCUS EFFECT COMPENSATION USING A
Chapter 7: 123
CONTINUOUS SCANNING METHOD



Pi’s processing time. While some delay, up to 10 ms, can be attributed to the LCD’s response
time, it does not account for the majority of the delay. Therefore, the most likely cause of the
latency is the LCD controller’s double or triple buffering, as discussed in Section 2.3.4. The
controller presumably pre-stores multiple frames to remain independent of the connected
device’s rendering speed and to maintain a consistent refresh rate. This behavior is cor-
roborated by the observation that the delay occurs solely before the first image. During the
rendering of multiple images, as in previous experiments, all subsequent images adhere to
the specified frame rate.

This behavior has been consistently observed across various LCD models, rendering a
switch to an alternative model impractical, especially given the limited availability of mono-
chrome displays without backlight. Since this behavior cannot be controlled in this project,
the reaction time must be considered a fixed parameter, necessitating an adjustment of the
adaptive high-speed phase contrast microscopy process.

The extended reaction times impose constraints on the synchronization of the LCD with the
microscope stage, camera, piezo stage, and flash controller. One option for achieving a
high-speed process was to implement a closed-loop acquisition system for the actual image
scan, which is rendered impractical by the LCD’s reaction time. This closed-loop approach
would involve collecting data about the meniscus during continuous sample movement, with
immediate processing of the information. The LCD parameters would then be communi-
cated to the Raspberry Pi to display a new condenser annulus based on the collected data.
However, this would introduce a delay between measurement and the display of a new
condenser annulus, at least as long as the LCD’s reaction time, significantly restricting the
achievable process frame rate.
This is illustrated with an example calculation. To maintain the number of outliers below
0.15% under a normal distribution (3c level), the frame time tsame is calculated using Equa-
tion 7.9:

tirame = tLcp + 3 - orcp = 57.2ms + 3 -4.9ms = 71.9ms, (7.9)

where t cp is the mean reaction time and o, cp denotes the standard deviation of the
reaction time. Consequently, the maximum process frame rate for a closed-loop process f
is determined by Equation 7.10:

1 1
[ < =
thame  71.9mMs

= 13.9Hz. (7.10)

This duration, excluding the image rendering time, constrains the entire process’s capabil-
ities. As a result, the latency renders the implementation of a closed-loop control system
during continuous acquisition impractical.
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7.1.4 Camera Exposure Time and Flash Duration

The camera operates at a frame rate of 289 fps, which sets an upper limit on the speed of
the entire process. Nevertheless, the acquisition frame rate is effectively restricted to 60 fps
by the refresh rate of the LCD, implying that the camera itself is not the limiting factor.

The exposure by flash light primarily determines the brightness of the captured images.
To prevent motion blur, the maximum permissible flash illumination time is constrained, as
outlined in Equation 3.2 in Section 3.2. Conversely, the minimum illumination time is dictated
by the pulse controller and the electrical circuit. Experimental evidence indicates that the
illumination time cannot be shortened beyond 1 us due to the circuit’s inherent rise and fall
times.

7.2 Scanning Procedure

The image scanning procedure for the continuous scan is analogous to the stop-and-go scan
(refer to Section 6.3). It comprises multiple consecutive steps, as depicted in Figure 7.6.

By optional .
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, Phase Ring ; Bertrand Adaptive

1| |Calibration Scan| | Camera Scan Autofocus Scan
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Adaptive Image Stitchin
Scan 9 )

Figure 7.6: Flowchart of the entire continuous acquisition process.

The Phase Ring Calibration Scan and Stitching remain unchanged compared to the stop-
and-go process. The autofocus mechanism is also largely similar but has been slightly
enhanced to compensate for the meniscus effect. However, the Adaptive Stop-and-Go Scan
has been supplanted by the Bertrand Camera Scan and Adaptive Image Scan.

In contrast to the stop-and-go process, the condenser annulus on the LCD must be adjusted
within a fraction of a second. Due to the latency introduced by the slow reaction time of the
LCD, implementing a closed-loop control is not feasible (see Section 7.1.3). Instead, an
open-loop control strategy is adopted, comprising two steps: the Bertrand Camera Scan,
which determines the LCD parameters at each imaging position, and the Adaptive Image
Scan, which utilizes these pre-computed condenser annulus positions to acquire specimen
images.
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7.2.1 Bertrand Camera Scan

To determine the parameters of the condenser annulus for each image position during the
Adaptive Image Scan, it is essential to capture images during the Bertrand Camera Scan
(also referred to as the Bertrand Scan) at exactly the same locations. The objective of
this scan is to evaluate the displacement of the condenser annulus due to the meniscus
at each imaging position. During the scan, the LCD displays the condenser annulus with
default parameters, for which it is known that the annulus is concentric with the phase ring
in the absence of a meniscus. The deformation of the condenser annulus, as observed by
the camera, is subsequently converted into LCD parameters for the Adaptive Image Scan
through image analysis and regression outlined in Section 6.3.1.

This scan is implemented as a simplified version of the Adaptive Image Scan, maintaining
the same ROI, velocity, acceleration, and other parameters. Most of the software can be
shared. Figure 7.7 illustrates the procedure.

' )\

Bertrand . Enable secondary Display default

Set trigger delay camera annulus on LCD
(. J

' )\
Move stage to start Move stage to end
of row of row

- . J
!' trigger

Acquire image —» (Acquisition complete?
R —
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| no

no |
All rows scanned? yes Calculate new Save annulus parameters
) annulus parameter for image scan

Figure 7.7: Flowchart of the Bertrand camera scan used to determine the LCD condenser annulus
parameters.

Initially, the trigger delay between the LCD, camera, and light source is configured in all con-
trollers. Subsequently, the condenser annulus on the LCD is set to its default state, and the
light path is adjusted to activate the secondary camera. The ROl is segmented into parallel
lines for scanning during continuous motion.

The stage first moves to the starting point of the first line and proceeds to its endpoint. This
movement comprises three phases: acceleration, constant velocity, and deceleration. Im-
ages are captured only during the constant velocity phase. During this phase, trigger signals
are sent at equidistant stage positions to both the camera and the light source. No trigger
signals are dispatched during acceleration and deceleration phases, as synchronization ne-
cessitates a consistent delay between components. Furthermore, acceleration during image
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acquisition is undesirable as it influences the liquid, distorting the meniscus shape and af-
fecting meniscus compensation (refer to Section 7.1.2). Images are captured by the camera
for each trigger signal. Once all scan lines are completed, image analysis computes the nec-
essary adjustments to the condenser annulus for the Adaptive Image Scan and stores them
in a buffer. The image analysis process utilizes multithreading to accelerate calculations.

7.2.2 Adaptive Autofocus Scan

The Adaptive Autofocus Scan operates on the same principle as the conventional Autofocus
Scan discussed in Section 6.3.2, with the additional feature of meniscus compensation. The
entire process is depicted in Figure 7.8.
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Figure 7.8: Flowchart of the Adaptive Autofocus scan, which shifts the LCD condenser annulus to
obtain sharp images over a larger area of the well.
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Utilizing the results from the Bertrand Scan allows for the estimation of the optimal con-
denser annulus position at each imaging point of the Adaptive Autofocus Scan, as opposed
to relying on default parameters. This enhances the accuracy of focal height calculations,
as phase contrast conditions can be achieved around the focal plane of the objective lens.
Similar to the conventional Autofocus Scan, the bottom of the well is approximated as a tilted
plane, determined using four support points equally distributed around the well center. How-
ever, the optimal condenser annulus positions at these four points are not directly obtained
from the Bertrand Scan, as its imaging positions do not match these points. Instead, they
are interpolated from the four nearest neighbors using bilinear interpolation, illustrated in
Figure 7.9. After interpolation, the process proceeds similarly to the conventional Autofocus
Scan. The only alteration is the adjustment of the condenser annulus position on the LCD
upon moving to a new scan position.
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Figure 7.9: Interpolation of condenser annulus parameters for the Adaptive Autofocus Scan within
a single well, with the Bertrand Scan path superimposed. The orange crosses (1) indicate the
measurement points from the Adaptive Autofocus Scan, evenly spaced around the well center
(2). Black arrows (3) represent the scan trajectory of the Bertrand Scan, with its corresponding
imaging locations indicated by blue crosses (4). The properties of the condenser annulus are
interpolated based on the values from the four nearest Bertrand imaging positions.

7.2.3 Adaptive Image Scan

The Adaptive Image Scan generates the final phase contrast images of the specimen. The
scanning procedure closely resembles the Bertrand Scan, with images acquired at the same
positions. This process is depicted in Figure 7.10.

The ROl is divided into the same parallel lines as in the Bertrand Scan, and images are cap-
tured continuously without pausing stage movement. Before scanning each line, the coarse
z-axis of the Nikon microscope is set to an optimal value that maximizes the number of focal
points within the range of the piezo actuator. The stage’s motion controller synchronizes
with the piezo actuator, adjusting its height in tandem with the stage’s movement along the
x-axis. A pre-computed batch of condenser annulus parameters is sent to the Raspberry Pi,
with one condenser annulus position assigned to each scanning point. A path-synchronous
trigger signal from the stage controller synchronizes the main camera, light source, and
Raspberry Pi. A new condenser annulus is rendered each time a trigger signal is detected.
Precise synchronization ensures that the condenser annulus is displayed milliseconds be-
fore the camera begins exposure, and the light source flashes slightly later, with a delay of
less than a millisecond. The camera’s exposure time is minimized to reduce noise from stray
light, yet it must be long enough to encompass the light source flash.

Once images are transferred from the camera to the main computer’s RAM, histogram ad-
justment and shading correction are applied, similar to the Adaptive Stop-and-Go Scan (see
Section 6.3.2). Upon receiving the expected number of images after one scan line, the next
line is processed. The procedure concludes when all lines are completed.
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Figure 7.10: Flowchart of the Adaptive Image Scan, illustrating continuous image acquisition with
meniscus compensation.
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7.3 Software Implementation

Multiple software programs are necessary to orchestrate the entire process due to the va-
riety of controllers and diverse scanning procedures involved. A primary software program
acts as the master to coordinate these programs. It is described in Section 7.3.1. The
interrelationship between different hardware components and software is detailed in Sec-
tion 7.3.2. Given the importance of the LCD controller, its software implementation is dis-
cussed in greater detail in Section 7.3.3.
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7.3.1 Master Software

The master software, named HSM-Library, operates on a Windows PC. Developed in C++,
the HSM-Library manages the scanning process and communicates with all connected de-
vices. It is used for the high-speed scan as well as the stop-and-go scan. A configuration file
specifies essential parameters, such as scanning speed, ROl dimensions, and IP addresses
of peripheral devices. Multiple scans can be executed sequentially.

After initializing all devices and calculating all imaging positions within an ROI, the HSM-
Library commands the microscope to adjust the coarse z-axis, selects the appropriate ob-
jective lens, and configures the light path for the designated camera. The Bertrand Scan
and Adaptive Image Scan partition the ROI into several segments composed of parallel
rows, with each row considered as a cohesive unit. Images captured by a camera during a
single row are treated as one batch.

Before scanning a row, a batch of condenser annulus positions for the upcoming line is sent
to the Raspberry Pi, which stores them until a trigger signal is received. At the start of a
row, the HSM-Library instructs the stage controller to move to its final position. The stage
controller dispatches trigger signals to other components at predetermined intervals, indi-
cating when images should be captured. The HSM-Library processes incoming images in a
parallel thread while the main thread waits for the stage controller to complete its movement.
Once all images are received, the row is marked as complete, and the process advances to
the next row.

7.3.2 Communication Between Components

The Windows PC hosts the primary application and interfaces with all peripheral devices via
Ethernet or USB connections. Among these devices, the Raspberry Pi and Arduino are each
programmed to execute specific applications, facilitating inter-device communication. These
programs configure the remaining non-programmable controllers. Figure 7.11 illustrates the
communication between the relevant devices.

In addition to the programmable computers, the stage controller plays a critical role by send-
ing path-synchronous trigger signals and managing the height of the piezo z-stage. The
piezo is connected to the stage controller via an analog signal. This configuration allows
the stage controller to treat the piezo as one of its own axes, synchronizing the z-position of
the specimen with the x and y positions, thereby enhancing the dynamics of the actuation
system.

As identified in Section 7.1.3, the LCD exhibits significant latency, approximately 57 ms. This
latency implies that if the trigger signals for the camera, light source, and LCD were sent si-
multaneously, the image would be captured long before the condenser annulus is rendered.
To mitigate this latency, an Arduino Uno controller delays the trigger signals for the camera
and light source, as detailed in Section 7.3.4.
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Figure 7.11: Connections between relevant hardware components.

7.3.3 Software Implementation of the LCD

The Raspberry Pi, running the Linux Raspbian operating system and controlling the LCD,
operates a state machine programmed in Python. Time-critical functions are implemented
using external libraries such as OpenGL and Numpy to ensure efficient program execution.
Upon startup of the main program, the Raspberry Pi immediately connects to the Windows
PC via Ethernet. A state machine is then operated, transitioning between states based on
incoming signals from the Windows PC.
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State machine

In the default (idle) state, the state machine executes an infinite loop, awaiting instructions
from the Windows PC via Ethernet. The first byte of an incoming instruction determines the
next state transition. In addition to the idle state, the following states are defined:

» Modify annulus dimensions,
+ Adjust magnification,

» Receive and store array,

+ Static mode,

+ Trigger mode.

Modify annulus dimensions: The Raspberry Pi receives custom inner and outer con-
denser annulus diameters in millimeters from the Windows PC. These values are stored
until new instructions are received, but the condenser annulus dimensions are only updated
upon receiving the next display command (Static mode or Trigger mode). This mode can be
used to set custom condenser annulus dimensions, for example, for the LCD reaction time
experiments described in Section 7.1.3.

Adjust magnification: In this mode, the inner and outer diameters of the condenser annu-
lus are modified to match predefined magnification values. Aside from magnifications of 4
and 10, a setting of 0 emulates brightfield conditions, featuring an inner radius of 0 and an
outer radius surpassing the microscope’s aperture.

Receive and store array: The HSM-Library transmits an array comprising pairs of x and y
values, representing the condenser annulus’s distance from the LCD’s center in millimeters.
Up to 500 values can be stored internally and displayed in sequence. They are completely
overwritten upon receipt of a new array.

Static mode: This mode instantly displays the initial position of the condenser annulus array.
It is employed to display the default condenser annulus during the Bertrand Camera Scan,
as well as to display static positions during the Adaptive Stop-and-Go Scan.

Trigger mode: This mode is designed for time-critical synchronization during the Adaptive
Image Scan. It is used to display one batch of condenser annulus positions during one row
of the scan. This is done by iterating over trigger signals until the number of triggers equals
the length of the position array, indicating one scan row is complete.

The principle of double buffering is used for efficient rendering (see Section 2.3.4). At the
outset of each iteration, the next condenser annulus is fully rendered and saved to the frame
buffer, but not displayed. Upon detecting a trigger, an interrupt is generated, which causes
the Raspberry Pi to swap the buffer, sending the pre-rendered image of the condenser
annulus to the LCD. The LCD displays this image upon refresh, which occurs at a constant
rate every 16.7 ms (refer to Section 7.1.3). The subsequent condenser annulus is rendered
(but not displayed) immediately afterward to prevent delays before the buffer swap.
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Condenser Annulus Rendering

Efficient rendering of the condenser annulus is essential to prevent delays when a trigger is
received. The OpenGlL library is employed to approximate the annulus within a window on
the LCD. This is achieved by constructing the annulus as a composition of white triangles on
a black canvas. It was determined that using 100 triangles provides ring images free from
significant discretization artifacts while ensuring a reasonable computation time.

The LCD has a native resolution of 1620 x 2560 monochrome pixels. However, due to a
misinterpretation in the communication protocol, the Raspberry Pi incorrectly assumes that
the LCD has a resolution of 540 x 2560 colored pixels. This misunderstanding treats each
actual pixel as one of three sub-pixels, causing the display to be distorted by a factor of three
in the x-direction.

Since this distortion cannot be corrected through adjustments in the screen configuration,
the rendering software is designed to compensate for it. To address this issue, the con-
denser annulus is rendered as an ellipse, which appears as a proper ring after accounting
for the display distortion. However, this compensation reduces the x-direction resolution by
one-third, leading to pixelated annulus outlines, as shown in Figure 7.12a.

To mitigate this limitation, the three ellipses drawn on each color channel vary slightly, each
shifted by 1/3 of a pixel in the x-direction. The outcome, as viewed on a true RGB screen,
exhibits different colors on the ring’s edges, as depicted in Figure 7.12b. On a monochrome
black-and-white screen, however, the result is a smooth and continuous ring, as illustrated
in Figure 7.12c. The entire rendering process is completed within 2 ms, which is significantly
faster than the LCD’s refresh time of 16.7 ms.
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(a) No sub-pixel shift. (b) Sub-pixel shift on RGB display. (c) Sub-pixel shift on monochrome
display.

Figure 7.12: Rendering of a condenser annulus is presented both without and with sub-pixel level
consideration. The images differ in scale and resolution. (a) Schematic representation of dis-
tortion occurring in the x-direction when an ellipse is rendered on a monochrome LCD. (b) A
condenser annulus with sub-pixel correction as viewed on an RGB monitor, where different col-
ors manifest along the edges. The red component of the ring is displaced leftward, whereas
the blue component is displaced rightward. Mixed colors emerge when multiple colored sub-
pixels are active simultaneously. (c) A condenser annulus with sub-pixel correction displayed on
a monochrome LCD and observed through a Bertrand lens.

7.3.4 Trigger Delay to Compensate the LCD Latency

As previously detailed in Sections 7.1.3 and 7.3.2, it is essential to compensate for the
LCD latency to ensure that the condenser annulus rendering is finalized before the camera
captures the image. The used strategy involves advancing trigger signals by an interval
equivalent to the LCD latency. To synchronize the condenser annulus rendering with im-
age acquisition, the camera and light source receive their trigger signals at later times. The
light source is activated slightly after the camera, ensuring that illumination overlaps with
the camera sensor’s exposure period. With this method, the system’s frame rate is solely
constrained by the LCD refresh rate of 60 Hz. The operational principle is depicted in Fig-
ure 7.13.

Although the stage controller features two trigger outputs capable of introducing delays be-
tween them, these delays cannot be programmed as required for this application. The nec-
essary delay of 57 ms requires multiple trigger signals to be sent to the Raspberry Pi before
the first trigger reaches the camera and light source, which the current stage controller
model cannot accommodate. Instead, an Arduino Uno microcontroller is incorporated into
the trigger signal’s electrical path, acting as a buffer. Operating at a clock speed of 16 MHz,
the microcontroller is programmed to ensure that additional delays and jitter from program
execution remain well below 1 ms, as confirmed by experimental validation [Ard25].
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Figure 7.13: Schematic drawing of the acquisition process utilizing the trigger delay. The trigger
delay guarantees synchronization between image acquisition and LCD rendering. Regardless of
the microscope stage’s directional movements, the x-position of images must remain consistently
aligned.

The significant trigger delay results in considerable movement of the microscope stage be-
tween the emission of the trigger signal and image acquisition. Thus, the path-synchronous
trigger signal is sent at an earlier position, advancing the start of the scan line by a distance
Ad, as noted in Equation 7.11:

Ad = vAt, (7.11)

where At represents the trigger delay and v the stage velocity. Due to the meandering
motion, acquiring adjacent images in the y-direction (perpendicular to the scan direction) at
consistent x-positions involved precise synchronization. However, the trigger position varies
with the motion direction, necessitating a constant stage velocity during the trigger delay
phase to achieve images at a consistent x-position.

The Arduino Uno setup includes an input connection from the stage controller to an interrupt
pin, and two digital pins for output connections — one for the light source and one shared
between both cameras. In the Arduino code, the precise timing for upcoming outgoing
trigger signals is recorded in microseconds. Upon detecting an incoming trigger via an
interrupt, the outgoing trigger signal’s timing is computed. The code continuously compares
the current time with the next outgoing trigger time. Once the time aligns, a trigger signal is
generated by setting the first output pin to 5V and reverting it to 0V 500 ps later, managed
by a timer. The same procedure applies to the second output pin after a specified delay.

The trigger delay can be adjusted via the HSM-Library through a USB connection and a
custom communication protocol. A trigger delay of 0 ms is necessary for the Adaptive Auto-
focus Scan, whereas both the Bertrand Scan and Adaptive Image Scan require a delay of
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57 ms to ensure identical image indexing positions, allowing images with the same indices
to be captured at the same position. An incorrect trigger delay may cause premature or
delayed LCD rendering, leading to phase contrast shifts and non-uniform phase contrast
within individual images. The meandering scanning motion results in a comb-like pattern if
the delay is not configured correctly, as shown in Figure 7.14.

(@) Oms (b) 57 ms (c) 120ms

Figure 7.14: Composite image of a whole MTP24 well with three different trigger delays of 0 ms,
57ms, and 120 ms. A too-short or too-high trigger delay causes a comb-like pattern due to the
condenser annulus shift appearing too early or too late. A trigger delay of 57 ms proves to be
ideal.

7.4 Validation Through Experiments to Determine Phase
Contrast Area and Acquisition Time

This section presents an experimental validation of the adaptive high-speed process. Acqui-
sition times under various conditions are documented and compared with reference mea-
surements. Additionally, the impact on the phase contrast area during continuous image
acquisition is analyzed. These results are compared with those from the validation of stop-
and-go scans (see Chapter 6.4.2) and HSM using standard phase contrast microscopy.

Initially, the experimental design is detailed in Section 7.4.1. Subsequently, Section 7.4.2
identifies the optimal velocities and accelerations for the experiments. The influence of the
high-speed approach on the phase contrast area is discussed in Section 7.4.3. Finally,
Section 7.4.4 outlines the achievable acquisition times.

7.4.1 Experimental Design

The same demonstrator described in Section 6.2 for stop-and-go scans was employed for
high-speed scans. Scans followed the procedure outlined in Section 7.2, with software
detailed in Section 7.3. The same MTPs with MSCs from the stop-and-go scans served as
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specimens, generating data for a 6-well MTP at 4x magnification, a 24-well MTP at 4x and
10x magnification, and a 96-well MTP at 10x magnification. The MTPs were filled with cell
medium so that the specimens were covered by only 1 mm of liquid to reduce sloshing.

Since the scanning time scales linearly with the number of rows, only one row of wells
was captured per MTP to reduce experiment duration. The total time for the MTP was
computed by multiplying the time for one row by the number of rows (e.g., for MTP24, one
row of 6 wells was scanned, and the total time was determined by multiplying by 4). When
scanning an entire MTP, multiple wells aligned with the scan direction were captured within
the same scan lines, resulting in shorter acquisition times per well compared to scanning
individual wells. A pre-study demonstrated that the phase contrast area remains unaffected
by the number of wells acquired simultaneously, as shown in Table A.7 and Figure A.9 in the
Appendices.

To evaluate the impact of the frame rate on the phase contrast area, experiments were con-
ducted using two different frame rates per configuration of MTP and magnification. 30 fps
and 60 fps were chosen whenever possible. However, these frame rates were not achiev-
able for all experimental conditions, as the required acceleration distance could exceed the
microscope stage’s available range (see Sections 7.1.1 and 7.1.2). Consequently, individual
wells of MTP6 were captured at 15fps and 30fps (only the two central wells were avail-
able at 30fps), while entire rows were captured at 15fps. Entire rows of MTP24 with 4x
magnification could only be acquired at 30 fps.

Measurement times were determined using a log file automatically generated by the HSM-
Library, which recorded the start and end times of individual processes. The experimental
results are subsequently divided between the phase contrast area in Section 7.4.3 and the
acquisition time in Section 7.4.4. The results of the phase contrast area and scanning times
are based on experiments with 12 wells for 6-well MTPs at 4x magnification, 18 wells for
24-well MTPs at 4x magnification, 18 wells for 24-well MTPs at 10x magnification, and 30
wells for 96-well MTPs at 10 magnification.

The parameters used in the experiments are presented in Table 7.1. Certain parameters,
such as pixel pitch and NA, were hardware-defined. The camera’s exposure time was min-
imized to decrease stray light and improve the signal-to-noise ratio, while the flash duration
taasn Was calculated using Equation 3.2 from Section 3.2. Accelerations and velocities de-
pended on the MTP type and the number of wells scanned, and will be explored in the
following section.
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Table 7.1: Parameters for image scans conducted at 60 fps with 4x magnification and at 15 fps with
10x magnification are presented, representing the scans with the fastest and slowest stage move-
ments, as well as the shortest and longest flash durations, respectively.

Prope DO SY0ife Q) 4 D a 0

lllumination wavelength A 520 nm
Pixel pitch II 2.5 pm
Pixel number in motion direction | npixel 2160 -
Safety factor for flash duration k 2 -
Overlap 0 5 Y%
Camera exposure time T 1 ms
LED voltage UreD 35.0 \%
Magnification M 4 10 -
Numerical aperture NA 0.13 0.3 -
Frame rate f 60 15 1/s
Resolution limit d 2.00 0.88 pm
Stage velocity v 76.95 7.70 mm/s
Flash duration tHash 13.00 57.14 Us

7.4.2 Optimal Velocity and Acceleration

This section aims to identify the optimal velocities and accelerations for various experimental
configurations. As established in Section 7.1.1, the ideal velocity is contingent upon both
acceleration and scanning distance, as expressed in Equation 7.5. Acceleration is limited by
the liquid sloshing effect detailed in Section 7.1.2. Thus, this section presents experiments
designed to ascertain the maximum viable acceleration across all setups without inducing
sloshing. Based on these acceleration values, the optimal velocity is calculated.

The experiments build upon those in Section 7.1.2, but with different MTP types. Figure 7.15
illustrates the results for a 6-well MTP with 4x magnification at varying accelerations.

The experiment with an acceleration of 40 mm/s? reveals minor asymmetry, rendering it
unsuitable for adaptive high-speed phase contrast microscopy. An acceleration of 30 mm/s®
was deemed appropriate for this configuration, notably lower than the microscope stage’s
maximum acceleration of 500 mm/s?.

Higher-order MTPs were only affected by higher accelerations, yet the limit due to sloshing
was still lower than the maximum acceleration of the stage.

Different scan lengths yield varying results. In scenarios where a single well is scanned,
the scan length decreases, yet the potential acceleration distance increases, impacting the
optimal velocity. Optimal frame rates are computed from velocities using Equation 3.3. Ta-
ble 7.2 displays all velocities and accelerations. Owing to the stage’s limited range, frame
rates and velocities often require capping due to restricted acceleration distances. These
capped values are included in the table, providing upper limits for accelerations, velocities,
and frame rates for the following experiments.
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(a) a = 10 mm/s2. (b) a = 40 mm/s2. (c) a = 320 mm/s.

Figure 7.15: Images of a whole MTP6-well, acquired with continuous scanning and different accel-
erations.

Table 7.2: Maximum accelerations, velocities, and frame rates for continuous scanning in various
MTPs. The optimum velocity and corresponding frame rate differ for scans that only acquire
individual wells compared to whole rows, according to Equation 7.5. Due to the limited range of
the microscope stage, the maximum velocity must often be capped for the acceleration distance
not to exceed the available space.

MTP and magnification MTP6 4x MTP24 4x MTP24 10x MTP96 10x
Scan length Well | Row | Well | Row | Well | Row | Well | Row
Acceleration [mm/s?] 30 30 | 200 | 200 | 200 | 200 | 200 | 200
Ideal Velocity [mm/s] 23 41 39 106 40 106 26 103
Ideal Frame Rate [fps] 18 32 30 83 78 207 51 201
Capped Velocity [mm/s] 23 21 39 54 40 55 26 67
Capped Frame Rate [fps] | 18 16 30 42 78 108 | 51 131

7.4.3 Phase Contrast Area Results

This section explores the impact of the high-speed scanning mode on the phase contrast
area by analyzing experimental results. Phase contrast areas were compared under vari-
ous conditions. Initially, a comparison was made between different acquisition speeds. This
analysis was followed by a comparison between the high-speed adaptive phase contrast
microscopy process, the adaptive non-continuous acquisition process, and high-speed reg-
ular phase contrast microscopy. Due to inhomogeneity in phase contrast conditions within
MTP96 at 10x magnification, as described in Section 6.4.3, a quantitative analysis was not
conducted for this configuration.
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Acquisition Speed

Experiments were conducted to evaluate the influence of varying frame rates on the phase
contrast area. Example images of MTP24 at 4x and 10x magnifications are shown in Fig-
ure 7.16, while results are summarized in Table 7.3.

. .

(c) MTP24 10x magnification, 30 fps. (d) MTP24 10x magnification, 60 fps.

Figure 7.16: Comparison between composite images captured at varying acquisition rates, corre-
sponding to different stage velocities.
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Table 7.3: Comparison of phase contrast areas between high and low frame rates. Frame rates
differ between the well sizes and magnifications because of the available acceleration distance.
Abbreviations: Fr: Frame rate, Image Par: Imaging parameters, M: magnification, Std: standard
deviation in percentage points.

Mean [%] | Std [%]

Mean [%] | Std [%]

MTP M Fr [fps] Fr [fps]
6 4 15 53.9 1.8 30 54.3 1.4
24 4 30 213 2.0 60 19.1 2.8
24 10 30 43.7 0.9 60 44.9 1.5

Overall, the findings indicate no significant difference in mean phase contrast areas across
different frame rates. For MTP24 with 4x magnification, the images display no discernible
difference between 15 fps and 30 fps, corroborating the numerical data. Images of MTP24
at 10x magnification show consistent central well areas but minor variations between 30 fps
and 60fps. While the edge is distinctly defined at 30fps, small outliers are observed at
60 fps. Some images near the well edge show a gray value gradient. Yet, these gradients
are small enough to allow these images to be classified as phase contrast regions. The
images remain sharp, and the phase contrast area evaluation algorithm is unaffected by
these variations. Therefore, differences between 30fps and 60 fps are considered negli-
gible. It can be inferred that employing the maximum frame rate for each setup does not
compromise the phase contrast area. The phase contrast area remains consistent even at
the maximum achievable frame rates.

Comparison with Stop-and-Go Approach and Conventional Phase Contrast
Microscopy

This section compares the phase contrast area achieved with adaptive high-speed phase
contrast microscopy with the adaptive stop-and-go approach. Conventional phase contrast
microscopy serves as a reference. Theoretically, the stop-and-go method should maximize
the phase contrast area, assuming high acquisition speeds negatively affect it. If no sig-
nificant difference is detected, it implies that acquisition speed does not impact the phase
contrast area. These findings are detailed in Table 7.4.

Across all configurations of MTPs and magnifications, the phase contrast area is comparable
between the high-speed and stop-and-go methods. The phase contrast area ratios between
the high-speed and stop-and-go approaches range from 0.9 for MTP6 at 4x magnification
to 1.1 for MTP24 at 10x magnification. All methods exhibit minor standard deviations, indi-
cating high reproducibility across measurements. However, some minor discrepancies are
observed. It remains uncertain whether these variations arise from the acquisition method
or the image analysis algorithm, or are merely random fluctuations.
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Table 7.4: Comparison of the average phase contrast area among adaptive high-speed phase con-
trast microscopy (1), adaptive stop-and-go phase contrast microscopy (2), and conventional high-
speed phase contrast microscopy (3). Abbreviations: Image Par: Imaging parameters, Adap HS:
adaptive high-speed phase contrast microscopy, Adap SG: adaptive stop-and-go phase contrast
microscopy, Reg: regular high-speed phase contrast microscopy, M: magnification, Mn: mean
value in percent, Std: standard deviation in percentage points.

Add

MTP | M | Mn[%)] | Std [%] | Mn [%] | Std [%] | Mn [%] | Std [%] | (1)/(2) | (1)/(3)
6 | 4 | 539 17 53.1 1.2 30.5 1.8 1.0 1.8
24 | 4 | 209 22 238 16 23 0.1 09 | 9.0
24 | 10 | 443 13 416 18 6.1 0.2 11 7.2

Hypothesis Tests Hypothesis tests were performed to assess the statistical significance
of these differences. The tests included t-tests for two independent samples, with the null
hypothesis H, asserting no difference in mean phase contrast area, and the alternative
hypothesis H; proposing a difference. A significance level o of 5% was chosen. Table 7.5
shows the hypothesis test results.

Table 7.5: Results of the hypothesis test (t-test) for two independent samples to determine if the
mean phase contrast area differs between the high-speed approach and the stop-and-go ap-
proach in adaptive phase contrast microscopy. A: difference in mean phase contrast area, M:
magnification, 95% Lower: lower limit for the difference with 95% probability, 95% Upper: upper
limit greater than the difference in 95% of all cases, t-values: t-values of the hypothesis test, p-
value: significance level.

= A\ % 95% Lower [% 959 pbpe alue p-value
6 4 0.9 -1.5 3.2 1.01 0.370
24 4 -2.9 -6.3 0.5 -2.71 0.073
24 10 2.7 -1.9 7.3 2.54 0.126

The p-value exceeds « for all configurations, often by a considerable margin, necessitating
the retention of the Hy hypothesis. Thus, a reduced phase contrast area with the high-
speed scanning approach compared to the stop-and-go method cannot be concluded with
statistical significance. Conversely, these results of both methods significantly surpass those
obtained with conventional phase contrast microscopy. The results are visually compared
using example images of MTP6 at 4x magnification in Figure 7.17. Both adaptive phase con-
trast microscopy images show minimal differences from each other but exhibit a substantial
increase in phase contrast area compared to the conventional approach.
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(a) Conventional high-speed scan. (b) Adaptive stop-and-go scan. (c) Adaptive high-speed scan.

Figure 7.17: Comparison between composite images of the same specimens in a 6-well MTP ac-
quired at 4x magnification. (a) illustrates the outcome using conventional HSM at 15fps. (b)
depicts the result obtained through the adaptive stop-and-go approach. (c) presents the result
using the adaptive high-speed approach, also at 15 fps.

Detailed Views To validate that image quality does not degrade with the adaptive high-
speed phase contrast microscopy compared to conventional phase contrast microscopy and
the adaptive stop-and-go method, detailed analyses of composite images were conducted.
Figure 7.18 presents the results from a 24-well MTP acquired with 10x magnification, in-
cluding a detailed view of the specimen.

These detailed views extend beyond the phase contrast area of the conventional method but
fall well within the phase contrast area of the adaptive phase contrast microscopy. The de-
tailed views reveal that images captured using conventional phase contrast microscopy, par-
ticularly away from the center, exhibit low contrast and a bright background, whereas those
acquired through adaptive phase contrast methods show sharp phase contrast on a dark
background. Both adaptive images are suitable for experts or image analysis algorithms to
detect cell structures and derive biological insights, indicating that the acquisition processes
have successfully met their objectives of providing large-area phase contrast images that
reveal small details throughout the well. This is further emphasized by the depiction of the
phase contrast areas for these images, shown in Figure A.11 in the Appendices. All phase
contrast areas are nearly circular, indicating a functioning compensation mechanism; a cir-
cular shape is expected for an ideal acquisition process due to the rotational symmetry of
the wells.
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(d) Detail view: conventional high-  (e) Detail view: adaptive stop-and-  (f) Detail view: adaptive high-
speed scan. go scan. speed scan.

Figure 7.18: Comparison between composite images (a, b, and c) of the same specimen in a 24-well
MTP acquired at 10x magnification using various imaging techniques. The zoomed-in views (d,
e, and f) display high-resolution details of the specimen. (a) employs conventional phase contrast
microscopy in high-speed mode at 108 fps. (b) utilizes the adaptive non-continuous phase con-
trast microscopy scan. (c) applies the adaptive high-speed acquisition process at 30 fps. Orange
boxes indicate the locations of the detailed views.

Overlap Between Condenser Annulus and Phase Ring Another perspective on the
compensation success is provided in Figure 7.19, which illustrates the overlap of the con-
denser annulus with the phase ring throughout a well. This figure shows that, further from
the center, the condenser annuli are more displaced from the phase ring with the conven-
tional approach. However, with the adaptive approach, the annuli remain concentric until a
sharp cutoff occurs.

In conclusion, the phase contrast area is not adversely affected by high-speed imaging. Al-
though the exact values may vary based on well size, magnification, and potentially the ana-
lysis algorithm, the phase contrast area does not significantly differ between the high-speed
scanning approach and the stop-and-go scanning method. The small deviations between
measurements suggest a high reproducibility of the meniscus compensation mechanism.
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Both methods yield sharp phase contrast images that extend much closer to the well edge
than the conventional procedure.
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(b) Adaptive phase contrast microscopy.

Figure 7.19: Composite image of condenser annulus and phase ring overlap within an entire 24-
well at 10x magnification. A portion of the well is highlighted to demonstrate that phase contrast
conditions cannot be achieved in (a) but are established in (b).

7.4.4 Acquisition Time Results

This section investigates the acquisition times achieved during the experiments. The ana-
lysis of acquisition times is divided into two parts. Initially, the proportion of various pro-
cess steps in relation to the total imaging time is evaluated (refer to Section 7.2 for details
on the process steps). The exclusive steps of the adaptive high-speed process, namely
the Bertrand Camera Scan and Adaptive Image Scan, are quantified. Subsequently, the
adaptive high-speed phase contrast microscopy process is evaluated against the adaptive
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stop-and-go scan and the conventional high-speed scan to derive conclusions on the tech-
nology.

Proportion of Actual Image Acquisition Compared to Total Time

Within the multiple stages of the adaptive high-speed process, only the Bertrand Camera
Scan and Adaptive Image Scan are unique to this process. Thus, the combined duration
of the Bertrand Camera Scan and Adaptive Image Scan was the optimization goal of this
thesis, whereas other scans are influenced by factors beyond the thesis’s scope, such as
computer hardware. Consequently, the proportion of these scans to the total acquisition
time needed to be determined. Table 7.6 details the share of different scan steps across
various configurations, defined by well size and magnification.

Table 7.6: Distribution of the total acquisition time for an entire MTP with the adaptive high-speed
process among various scan steps for different configurations of MTPs and magnifications. All
times are in minutes. Abbreviations: M: magnification, f: frame rate, Num im: number of images,
Pha Cali: phase ring calibration, Bertrand: Bertrand Scan, Autofoc: Autofocus Scan, Image:
Adaptive Image Scan, Stitch: Stitching.

MTP M f Numim PhacCali Bertrand Autofoc Image Stitch Total
6 4 |15 4224 0:05 712 2:49 7:.07 121 | 18:34
24 4 | 30 4128 0:04 3:44 10:44 3:36 0:44 | 18:52
24 |10 | 60 | 22176 0:04 10:28 10:48 11:48 | 4:40 | 37:48
96 | 10 | 60 | 18720 0:06 9:04 43:04 8:48 2:00 | 63:02

Total scan time is predominantly influenced by magnification, with 10x magnification being
markedly slower than 4x due to the increased number of lines requiring scanning. Through-
out the acquisition process, the time demanded by the Phase Ring Calibration Scan is neg-
ligible. The durations of the Bertrand Scan and Adaptive Image Scan are nearly identical,
as both algorithms capture the same number of images at identical positions and speeds,
with variations arising solely from image processing. The share of the combined Bertrand
Camera Scan and Adaptive Image Scan to total scanning time is summarized in Table 7.7.

Table 7.7: Proportion of the acquisition time attributed to the Bertrand Scan and Adaptive Image
Scan relative to the total imaging time. All times are in minutes. Abbreviations: M: magnification,
f: frame rate, B+/: sum of Bertrand Scan and Adaptive Image Scan.

O1d

771

6 4 | 15| 14:19 | 18:34

24 4 | 30 | 07:20 | 18:52 38.9
24 |10 | 60 | 22:16 | 37:48 58.9
96 | 10 | 60 | 17:52 | 63:02 28.3
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The autofocus time is considerable, especially for 96-well MTPs. This is caused by the Aut-
ofocus Scan requiring the same duration for each well, leading to total time scaling linearly
with the number of wells, whereas Adaptive Image Scan time is primarily influenced by the
number of scan lines, maximum velocity, and acceleration. Thus, the Autofocus Scan be-
comes predominant when scanning 96-well MTPs but has a minor impact on 6-well MTPs.
The Stitching time scales non-linearly with the number of images per well, taking longer
for fewer large wells than for numerous small wells. This time also incorporates saving im-
ages to the solid-state drive of the computer, which can account for a significant share of
the stitching time, considering the largest composite images exceed 1 GB in file size, such
as for MTP6 with 4x magnification and MTP24 with 10x magnification. Although stitching
contributes between 3.1% of the total acquisition time for MTP96 with 10x magnification and
12.3% for MTP24 with 10x magnification, it is not the primary determinant of overall time.
However, if necessary, time could be reduced with more efficient algorithms or enhanced
computer hardware.

In summary, the total scanning time is significantly influenced by the supporting scans, par-
ticularly the Autofocus Scan. Optimizing these scans was not the focus of this thesis. Thus,
for a more accurate comparison with the adaptive stop-and-go process and the conventional
high-speed scan, only the times for the Bertrand Camera Scan and Adaptive Image Scan
are evaluated against other scanning methods.

Comparison with Stop-and-Go Approach and Conventional High-Speed Phase
Contrast Microscopy

The acquisition time of the adaptive high-speed process is compared with both the adaptive
stop-and-go process and the conventional high-speed process. As certain steps, such as
stitching, remain largely consistent across methods, the analysis focuses on the defining
process steps for a more insightful technological evaluation:

+ Adaptive high-speed process: Bertrand Camera Scan and Adaptive Image Scan,
» Adaptive stop-and-go process: Adaptive Stop-and-Go Scan,
» Regular high-speed process: Image Scan.

For each configuration involving well sizes and magnification, the frame rate that minimized
the total acquisition time was chosen for comparison (15 fps for MTP6 with 4x magnification,
30fps for MTP24 with 4x magnification, and 60 fps for MTP24 with 10x magnification and
MTP96 with 10x magnification). The acquisition time for a whole MTP using the adaptive
stop-and-go process was linearly extrapolated by multiplying the number of wells in an MTP
by the time required to capture a single well, as only one well was captured at a time due
to the lengthy duration. Reference measurements with regular high-speed phase contrast
microscopy were conducted similarly to the adaptive approach. Figure 7.20 illustrates ac-
quisition time differences between scan modes, as well as the contribution of the Bertrand
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Camera Scan and Adaptive Image Scan to the overall imaging time of the adaptive high-
speed process. The exact values are summarized in Table 7.8.

[
T

| Stop-and-Go
| Wl Adaptive Image Scan

B Bertrand Camera Scan
Conventional

MTP6 4x MTP24 4x MTP24 10x MTP96 10x

Figure 7.20: Comparison of imaging times ¢ across the three tested processes with different con-
figurations of MTPs and magnifications. The times for the Bertrand Camera Scan and Adaptive
Image Scan are stacked to indicate their consecutive execution. Adaptive Stop-and-Go Scan
times frequently exceed the scale and are thus truncated.

Table 7.8: Comparison of scanning times between adaptive high-speed and stop-and-go phase con-
trast microscopy, alongside conventional HSM. The adaptive high-speed scan employs the same
frame rates as in Table 7.7, whereas the conventional scan utilizes the optimized frame rates
indicated in Table 7.2. Abbreviations: M: magnification, Num Images: number of images, Conv:
conventional high-speed scan, Adap HS: adaptive high-speed scan, Adap SG: adaptive stop-and-
go scan, SG/HS: ratio of times of stop-and-go and adaptive high-speed scan, HS/Conv: ratio of
times of adaptive high-speed scan with conventional scan.

age 0 Agap Adap 0
6 4 4224 6:28 14:19 110:24 7.7 2.2
24 4 4128 2:48 7:20 111:48 15.2 2.6
24 |10 22176 6:44 22:16 499:00 22.4 3.3
96 | 10 18720 5:36 17:52 439:12 24.6 3.2

The findings reveal a significant disparity in acquisition times between both high-speed
scans and the Adaptive Stop-and-Go Scan. It is evident that the imaging time for the Adap-
tive Stop-and-Go Scan primarily depends on the number of images. This dependency arises
from the near-constant acquisition time for each image while the stage is stationary, coupled
with nearly identical switching times between images due to similar distances between them.
In contrast, imaging times using the high-speed mode exhibit more variability across differ-
ent MTP configurations and magnifications. This variation is attributed to differing maximum
accelerations and velocities, as well as varying travel distances. Given that high-speed ap-
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proaches allocate most of the time to stage movement, these parameters are particularly
relevant.

Both high-speed scans outperform the stop-and-go approach by more than an order of
magnitude, indicating that the adaptive high-speed process effectively achieved its primary
objective of reducing image acquisition time. When comparing only the Adaptive Image
Scan (excluding the Bertrand Camera Scan) with the regular high-speed scan, only minor
differences are discernible. This is especially true for scans involving 6-well MTPs at 4x mag-
nification, where the time ratio of the regular process to the adaptive process is merely 1.1.
In contrast, the ratio is more pronounced for 24-well MTPs at 10x magnification, though it
remains below 1.8, with the other configurations falling in between. The difference between
4x and 10x magnification is primarily due to the LCD refresh rate, which restricts the ac-
quisition frame rate at 10x magnification. For 4x magnification, the optimal velocity is below
60 fps, avoiding the need for capping the stage velocity due to LCD limitations. Furthermore,
the trigger delay (see Section 7.3.4) extends the scan line length, further contributing to the
time difference.

Overall, this demonstrates that the meniscus compensation process using the LCD does not
significantly constrain the achievable acquisition speed. Moreover, while the regular high-
speed scan was conducted at the optimal frame rate for prevailing conditions, the adaptive
scans utilized 151ps, 30 fps, or 60 fps, slightly deviating from the optimal frame rate for each
configuration.

The main difference in acquisition times between the high-speed processes is not observed
during the Adaptive Image Scan itself but rather in the Bertrand Camera Scan. The ne-
cessity of employing the Bertrand Camera Scan effectively doubles the acquisition time,
rendering the overall process slower than the conventional Image Scan. Nevertheless, the
ratio of total acquisition times does not exceed 3.3 times the acquisition time of the regular
Image Scan, even when combining the Bertrand Camera Scan and Adaptive Image Scan.

In summary, the adaptive high-speed phase contrast microscopy process significantly en-
hances speed relative to the adaptive stop-and-go process while remaining within the same
order of magnitude as the conventional scan. It is noteworthy that the LCD exerts only a
minor influence on reducing the maximum frame rate, primarily affecting 10x magnification.
The most substantial challenge is the Bertrand Camera Scan, which doubles the acquisition
time.

7.5 Discussion

The validation of the adaptive high-speed phase contrast microscopy process demonstrates
its capability to effectively address the meniscus effect while preserving rapid acquisition
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rates. This section first analyzes the experimental results presented in Section 7.5.1. Sub-
sequently, it critically examines the strengths and limitations of adaptive phase contrast mi-
croscopy in Section 7.5.2. The findings are compared with alternative methods found in the
scientific literature that also tackle the meniscus effect, as discussed in Section 7.5.3.

7.5.1 Interpretation of Results

Adaptive high-speed phase contrast microscopy significantly enhances the phase contrast
area across all evaluated MTPs compared to conventional methods, achieving the goal of
compensating for the meniscus effect over large well areas. For 6-well MTPs with 4x mag-
nification, the phase contrast area increases by approximately 1.8 times; for 24-well MTPs
with 10x magnification, it increases by 7.2 times; and for 24-well MTPs with 4x magnifica-
tion, it increases by 9.0 times. The low standard deviations indicate substantial robustness.
The comparable performance of both high-speed and stop-and-go approaches indicates
that continuous sample movement does not compromise phase contrast quality.

It is important to recognize that the specific values for the phase contrast area are influ-
enced by the demonstrator design, hardware, software implementation, and analysis algo-
rithm. Therefore, the primary conclusion is that the proposed method is effective, leading
to a substantial increase in the phase contrast area without solely emphasizing the precise
numerical values.

The notable increase in the phase contrast area underscores the effectiveness of the pro-
posed method compared to the conventional process. Even if the acquisition time is higher
than with the conventional method, the expanded phase contrast area allows for the extrac-
tion of more information within the same time frame. For instance, while the acquisition time
for 24-well MTPs at 4x magnification is 2.6 times longer with the adaptive approach, the
phase contrast area is expanded 9.0 times, resulting in 3.5 times more information being
obtained per unit of time. This comparison does not even account for the time required to
remove the MTP from the microscope and load a new one.

The acquisition time for the adaptive high-speed process, considering only the Adaptive
Image Scan, is not significantly longer than the conventional high-speed process. This
suggests that the added complexity of the LCD and its control mechanism does not greatly
impede acquisition speed. However, the Bertrand Scan, which is necessary for determining
the parameters for the condenser annulus shift, doubles the acquisition time. Yet, even with
the Bertrand Scan, the acquisition time of the high-speed process is still orders of magnitude
faster than the stop-and-go process. Without the high-speed approach, compensating for
the meniscus effect would be impractical, with acquisition times for a single MTP reaching
up to 500 minutes (over 8 hours), making biological experiments unfeasible [Kor20].
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7.5.2 Critical Reflection on the High-Speed Meniscus Effect Compensation

During the experiments, various limiting factors were identified that influenced both the
phase contrast area and acquisition times. These factors hindered the attainment of a com-
plete phase contrast area and contributed to longer acquisition times. This section examines
these factors and proposes potential improvements for certain issues. The identified factors
are detailed in Table 7.9.

Table 7.9: Limiting factors affecting the phase contrast area and acquisition time in the adaptive
high-speed phase contrast microscopy process, which are critically discussed in this section.

0 < e O
Shading at the edge of a well Phase contrast area
Condenser annulus detection Phase contrast area
Field curvature Phase contrast area
Meniscus slope Phase contrast area
LCD refresh rate Acquisition time
Bertrand Scan Acquisition time
Microscope stage range Acquisition time
Acquisition at constant velocity | Acquisition time
Autofocus Scan Acquisition time
Liquid sloshing Acquisition time

Shading at the Edge of a Well

As detailed in Section 6.1.3, achieving phase contrast conditions across the entire well is
limited by shading from the MTP walls. Considering this effect, the proportion of the phase
contrast area relative to the upper limit for the phase contrast area using adaptive phase
contrast microscopy is considerably higher than raw numbers suggest. For 6-well MTPs
with 4x magnification, the proportion is about 74%,; for 24-well MTPs with 4x magnification,
it is 53%; and for 24-well MTPs with 10x magnification, it is 54%. These values show slight
variations between the high-speed and stop-and-go process experiments, yet remain within
a similar range. Due to its physical nature, surpassing this limitation is nearly impossible.
The sole influencing factor examined in this thesis is the NA of the objective lens, where a
higher NA corresponds to a larger maximum phase contrast area. For future applications,
this effect could potentially be alleviated through alternative well designs featuring less steep
walls.

Condenser Annulus Detection

The image analysis for determining the position of the condenser annulus via Bertrand lens
images is effective when the entire annulus is visible as a ring or ellipse (refer to Sec-
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tion 6.3.1). However, if the annulus is only partially visible or outside the FOV, the analysis
defaults to standard condenser annulus parameters for the LCD, failing to yield a result.
This limitation arises from the implementation chosen for this thesis rather than an inherent
procedural limitation.

Enhancing image analysis techniques or increasing the FOV (e.g., by using a secondary
camera with a larger chip size) could improve condenser annulus detection near the well
edge. However, further experimentation is necessary to ascertain whether such changes
would lead to significant improvements. For instance, in 24-well MTPs with 10x magnifica-
tion, the detection area of the condenser annulus already exceeds the phase contrast area.
Even if alignment of the condenser annulus with the phase ring closer to the well edge were
possible, limited brightness due to shading at the well edge would prevent these regions
from being interpreted as phase contrast. Additionally, the angle difference resulting from
field curvature outside the phase contrast area is substantial, preventing the achievement
of homogeneous image conditions at small magnifications, regardless of the alignment be-
tween the condenser annulus and phase ring.

Field Curvature

Field curvature impacts the phase contrast area across all observed well-size and magni-
fication combinations, except for 24-well MTPs with 10x magnification. The inhomogeneity
in phase contrast conditions due to field curvature is undesirable for microscope users and
complicates the determination of the phase contrast area. While these differences are not
significant for 6-well MTPs with 4x magnification and 24-well MTPs with 4x magnification,
they make the application of the phase contrast analysis algorithm impractical for 96-well
MTPs with 10x magnification. This is a physical limitation that cannot be eliminated, but can
be managed by selecting an appropriate camera.

There are three options to mitigate this limitation: using a camera with a smaller chip size,
cropping the FOV of the existing camera chip (which has the same effect as using a smaller
chip), or employing higher magnification. All three options inadvertently increase acquisition
time as an undesirable consequence. This occurs because a smaller camera chip necessi-
tates more scan lines, and a higher frame rate would be required to maintain the same stage
velocity. This issue is particularly problematic for magnifications of 10x or higher, where the
refresh rate already acts as a bottleneck for faster acquisition.

The enhancements associated with higher magnifications, typically paired with a higher NA,
are illustrated in Figure 7.21, which depicts a 6-well MTP captured at 10x magnification. In
comparison to images acquired at 4x magnification, such as those in Figure 7.17, the phase
contrast area is substantially expanded, nearly covering the entire image. However, a draw-
back of increased magnification is the resultant growth in data volume. For an MTP6, the
size of a single composite image of one well is increased from 1.0 GB to 6.9 GB.
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Figure 7.21: 6-well MTP acquired with 10x magnification. The phase contrast area is further en-
hanced compared to 4x magnification. The presented compound image is significantly com-
pressed from the original, which comprises 3990 individual images and occupies 6.9 GB of disk
space, illustrating a disadvantage of using large magnifications.

Meniscus Slope

As the slope of the liquid surface increases near the well’s edge, a larger portion of incom-
ing light is reflected rather than refracted, potentially leading to total internal reflection (refer
to Section 2.1.4). Even before total internal reflection occurs, the contrast of structures
diminishes due to decreased overall brightness, as observed in 24-well MTPs at 10x magni-
fication. This physical limitation is difficult to overcome and represents a significant obstacle
to further expanding the phase contrast area. The current approach, which involves using
an LCD to shift the condenser annulus, is limited to operating at meniscus angles smaller
than those required for total internal reflection. During validation, meniscus compensation
was achieved up to maximum meniscus angles of approximately 4.8° with 4x magnification
and 8.1° with 10x magnification for 24-well MTPs (see Section 6.4.4). The higher NA of
the 10x objective lens may explain this difference, suggesting that objectives with higher NA
could expand the phase contrast area.

Compensating for large meniscus slopes can only be accomplished by tilting the wavefront
of the illumination light, thereby altering the angle between the incoming light and the menis-
cus surface. This method has been attempted using a liquid-filled prism (see Section 5.2.4).
Empirically, the prism did not enhance image quality and primarily resulted in reduced im-
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age brightness, largely due to the challenging hardware setup. It is conceivable that a more
advanced design might increase the phase contrast area.

LCD Refresh Rate

The refresh rate of the LCD limits the demonstrator to a maximum frame rate of 60 fps, mak-
ing it a bottleneck for enhancing acquisition speeds, particularly at 10x magnification. This
limitation is strictly hardware-related and could potentially be resolved by employing an LCD
with a higher refresh rate. However, refresh rates above 60 fps are rare in combination with
other essential features such as monochromaticism and the absence of a backlight. Since
most LCDs are designed for consumer electronics, higher refresh rates are not considered
useful due to the limited temporal resolution of the human eye. Therefore, the development
of LCDs with refresh rates beyond the current maximum of around 120fps is improbable.
Such advancements would require custom-developed LCDs for adaptive high-speed phase
contrast microscopes, which would only be feasible with sufficient market demand.

Bertrand Scan

The Bertrand Scan requires approximately the same duration as the Adaptive Image Scan,
effectively doubling the total acquisition time. Eliminating the Bertrand Scan altogether
would thus save considerable time. However, it is crucial for the LCD controller to ascertain
the condenser annulus shift for each imaging position. Two alternatives are conceivable:
first, recording the condenser annulus positions once using a Bertrand Scan and employing
a lookup table for subsequent scans; second, implementing a closed-loop Adaptive Image
Scan that determines the condenser annulus shift between image acquisitions and dynami-
cally adjusts the LCD. The first option is straightforward to implement and can be employed
when identical conditions are expected across various specimens. However, it lacks the
universality of the process involving a Bertrand Scan. The second option would be ideal,
but it is currently impractical due to the high latency of the LCD controller, as discussed in
Section 7.1.3. Future solutions may involve purpose-built LCDs with lower latency, but this
is not feasible with existing hardware. Therefore, given the current commercial hardware,
the proposed solution utilizing the Bertrand Scan remains the preferred approach.

Microscope Stage Range

Due to limited acceleration, the required acceleration distance to achieve optimal velocity
often exceeds the available space, given the restricted range of the microscope stage. This
challenge can be easily overcome by using a stage with a larger range, thereby increasing
the maximum velocity and reducing acquisition time.
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Acquisition at Constant Velocity

Image acquisition is performed only when a constant velocity is reached, not during the
acceleration phase of the scan line, due to synchronization challenges between key com-
ponents when the stage velocity varies. Utilizing the acceleration and deceleration phases
for image acquisition could reduce overall scan time and simultaneously address the issue
of limited microscope stage range. However, this complicates synchronization between the
LCD, camera, and light source, as the trigger points would not be equidistant. Since actual
stage acceleration is not perfectly linear, calculating these trigger points involves greater
uncertainty, leading to imprecise positioning of individual images and potential mismatches
in illumination and camera exposure. The necessary delay caused by the LCD latency
further complicates the problem. Nonetheless, this challenge could be overcome with a
well-controlled stage and if the individual components are perfectly synchronized with each
other.

Autofocus Scan

Although not part of the primary acquisition process, the Autofocus Scan is vital for ensuring
sharp images. Its duration significantly impacts the total acquisition time, especially when
scanning numerous small wells, such as in 96-well MTPs. While some form of automatic fo-
cusing is necessary, more efficient methods exist compared to the image-stacking approach
currently employed [Sch16a]. The image-stacking-based Autofocus Scan could be replaced
with a continuously moving scan using an external distance sensor, such as confocal chro-
matic sensors or optical coherence tomography. This sensor could even gather measure-
ment data during the image scan for a closed-loop inline-focus control, thereby minimizing
acquisition time while simultaneously improving measurement accuracy. Yet, one challenge
posed by inverse microscopes like the one used in this thesis is the limited assembly space,
meaning that the sensor must be considered during the microscope design.

Liquid Sloshing

Liguid sloshing, as discussed in Section 7.1.2, significantly constrains the maximum accel-
eration of the microscope stage, thereby substantially increasing the acquisition time. This
issue is particularly problematic for 4x magnification, where the LCD does not limit the maxi-
mum achievable frame rate, so that higher velocities could lead to higher frame rates. Since
sloshing is an intrinsic property of the liquid, it cannot be entirely eliminated while the speci-
men requires movement. However, it has been suggested that minimizing jerk, which is the
first-order derivative of acceleration, can mitigate liquid sloshing [Sim24].
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7.5.3 Comparison with Existing Approaches

A quantitative comparison of the validation results with other approaches described in the
literature is desired. However, most proposed solutions are presented in patents, where no
experimental data is available. Among the approaches discussed in Section 3.5.2, only two
are detailed in scientific papers.

Kwee et al. (2018) [Kwe18] describe a specialized algorithm for counting iPSCs, utilizing
a combination of phase contrast images and reference interferogram images. Since this
method is fundamentally different from the approach in this thesis and requires reference
images without a specimen, it cannot be quantitatively compared to the approach of this
thesis.

Hofmeister et al. (2020) [Hof20] perform experiments to compensate for the meniscus ef-
fect at various positions within a 24-well plate using a 10x objective lens with an NA of 0.22.
However, images are not systematically taken of an entire well, preventing the exact calcu-
lation of the phase contrast area. They claim that compensating for the meniscus effect is
theoretically possible up to 90% of the distance from the well center to the edge, equating
to a phase contrast area of 81%. This represents the maximum possible area when consid-
ering shading by the MTP wall, as detailed in Section 6.1.3. However, their results indicate
that at a radius of 50% of the well radius, the background of the images begins to darken,
a phenomenon also observed in the results of this thesis. An image acquired at 63% of the
radius is notably darker than images from the center, barely qualifying as phase contrast
when applying the criteria detailed in Section 4.1.

Without imaging entire wells, an exact number for the phase contrast area cannot be mea-
sured. However, when using 50% of the radius as a threshold where image contrast begins
to deteriorate, the phase contrast area can be calculated to be around 25%. This would be
lower than the results of this thesis under similar circumstances (MTP24, 10x magnification),
but only experiments under identical conditions can provide a quantitative comparison.

Based on this analysis, there is no publication presenting an approach that measurably
increases the phase contrast area more than the method proposed in this thesis. Further-
more, no publication analyzed in the systematic literature review, whether a scientific paper
or patent, considers a high-speed meniscus effect compensation approach, suggesting that
this thesis presents the first of its kind.

7.6 Summary and Conclusion

This chapter addressed SRQ4:

Which acquisition time is achievable for complete wells in microtiter plates? What are the
influencing factors on acquisition time?

Therefore, the chapter outlined the implementation of a high-speed imaging method, which
was validated through a demonstrator.
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Initially, factors negatively affecting the acquisition time during continuous scanning were
analyzed. Based on these insights, the scanning procedure was developed, incorporating
the Adaptive Autofocus Scan, Bertrand Camera Scan, and Adaptive Image Scan, along-
side techniques from the stop-and-go process, such as stitching and image analysis. A
high-speed scanning process was implemented, featuring dynamic LCD condenser annulus
adjustment. As a result, a frame rate of 60fps was achieved, which matches the maxi-
mum refresh rate of the LCD. Thus, with 4x magnification, the LCD refresh rate does not
limit acquisition speed; instead, the maximum velocity is constrained by slow acceleration,
necessary to avoid liquid sloshing and the short acceleration distance.

Experimental results indicated that the acquisition speed has no significant impact on the
phase contrast area, as no statistically significant differences were observed compared to
the stop-and-go process. Across all configurations evaluated, the phase contrast area was
substantially increased, ranging from a factor of 1.8 for 6-well MTPs with 4x magpnification to
9.0 for 24-well MTPs with 4x magnification. Thus, the adaptive phase contrast microscopy
can be considered a great success.

Acquisition times varied across different configurations. For a complete MTP, the acquisition
time was reduced by approximately 8-fold for MTP6 with 4x magnification and up to 25-
fold for MTP96 with 10x magnification compared to a stop-and-go process. Consequently,
acquisition times are comparable to those of a high-speed image scan using a conventional
phase contrast microscope, albeit still extended, primarily due to the Bertrand Camera Scan,
which effectively doubles the acquisition time. As previously noted, the Bertrand Camera
Scan remains essential as long as LCD latency persists. Further improvements have been
discussed, such as increasing the stage’s range to allow for greater acceleration distance,
potentially reducing acquisition time further.

In conclusion, the fourth SRQ has been thoroughly addressed. The acquisition time is
influenced by several factors, most importantly LCD refresh rate and latency, microscope
stage range, limited acceleration to prevent liquid sloshing, the necessity for the Bertrand
Camera Scan, and the Autofocus Scan. This demonstrator setup achieves acquisition times
for a complete well, considering only the necessary Bertrand Scan and Image Scan, ranging
from 7 to 22 minutes, and for the entire process, between 18 and 63 minutes. This outcome
marks a significant achievement and demonstrates that the selected approach is an effective
scanning method.
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8 Summary and Outlook

The aim of this thesis was to develop and evaluate a method for adaptive high-speed phase
contrast microscopy that compensates for the meniscus effect in cell culture vessels. This
chapter summarizes the thesis in Section 8.1 and concludes how the requirements have
been met. Subsequently, an outlook is provided in Section 8.2.

8.1 Summary of Results

Initially, fundamental principles and key methods were introduced in Chapter 2. Subse-
quently, Chapter 3 highlighted the prevalent use of phase contrast microscopy for screening
biological specimens in cell culture vessels, such as MTPs. However, its applicability is
limited by the meniscus effect, which restricts observations to specimens at the center of
MTP wells. Additionally, biological specimens must remain in controlled environments, ne-
cessitating the minimization of imaging duration. It was therefore concluded that a phase
contrast microscopy method capable of compensating for the meniscus effect and enabling
rapid imaging was required. A systematic review of scientific literature and patents revealed
twelve existing solution approaches addressing aspects of the problem. These were cate-
gorized into three distinct groups: image analysis-based methods, specialized MTPs, and
modifications to the microscope’s beam path. Notably, no solutions offered rapid imaging
capabilities. Consequently, multiple research gaps were identified, leading to the formula-
tion of four sub-research questions in Section 3.6. Each chapter was dedicated to answering
one of these sub-research questions.

Chapter 4 answered the first sub-research question:

How can the phase contrast area in microtiter plates be quantified?

A study was conducted to identify quantifiable criteria for evaluating phase contrast con-
ditions in MTPs. The study demonstrated that image background brightness is a reliable
indicator of phase contrast conditions when observing entire well images, surpassing the
reliability of overall image sharpness as criterion. Building on this insight, an algorithm was
developed to calculate the phase contrast area in whole well images, effectively addressing
SRQ1.

Chapter 5 addressed the second sub-research question:

Which adaptive components are suitable for high-speed implementation?

It was determined that compensating for the meniscus effect at different positions across a
well in an MTP required adaptive components within the microscope’s beam path. Chapter 5
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evaluated various adaptive components based on criteria derived from the application. This
evaluation involved three steps: general considerations regarding the components, optical
simulations, and experiments. Optical simulations suggested that meniscus effect compen-
sation is feasible using an LCD as condenser annulus, as well as a liquid-filled prism. Ex-
perimental results indicated that the LCD achieved phase contrast conditions closest to the
well edge. A comparative evaluation using a Harvey Balls diagram assessed the proposed
adaptive components. It was determined that the LCD is most proficient in compensating for
the meniscus effect. Consequently, the LCD was selected for the validation experiments of
the remaining SRQs, as it received the highest scores across most categories. Notably, its
advantages include ease of handling and potential for high-speed processes, owing to the
absence of moving parts and its simplicity. Therefore, SRQ2 is conclusively answered.

Chapter 6 dealt with answering the third sub-research question:

To what extent can the phase contrast area be increased using adaptive phase contrast mi-
croscopy compared to conventional phase contrast microscopy?

A demonstrator setup was constructed incorporating the LCD condenser annulus as an
adaptive component. A process was developed where each position within a well was ap-
proached using a stop-and-go mode. At each position, the condenser annulus displayed
on the LCD was adjusted, and an image of the specimen was captured. This adjustment
was facilitated by a method that recorded images of the condenser annulus displacement
in relation to the phase ring using a Bertrand lens. Subsequent image analysis, followed by
linear regression, was employed to determine the necessary LCD parameters.
Experiments utilizing various configurations of MTPs and magnifications validated the pro-
posed approach, demonstrating that the adaptive phase contrast microscope significantly
enhanced the phase contrast area. Specifically, it increased from 30.5% to 53.1% for 6-well
MTPs at 4x magnification, from 2.3% to 23.8% for 24-well MTPs at 4x magnification, and
from 6.1% to 41.6% for 24-well MTPs at 10x magnification. Additionally, shading at the MTP
walls was found to obscure large parts of a well, reducing the attainable phase contrast area
by up to 60%. Considering this, more than 50% of the achievable phase contrast area was
attained in all cases.

Another finding was that the field curvature induced by the meniscus shape caused inho-
mogeneities in phase contrast conditions. This phenomenon was more pronounced in wells
with smaller diameters and at lower magnifications, rendering the evaluation of the phase
contrast area of 96-well MTPs at 10x magnification unfeasible.

In conclusion, this chapter successfully answered SRQ3.

Chapter 7 assessed the fourth sub-research question:

Which acquisition time is achievable for complete wells in microtiter plates? What are the
influencing factors on the time?

Initially, factors affecting the high-speed process were analyzed. It was determined that
medium sloshing poses a significant challenge, requiring a restriction of acceleration to
30 mmy/s? for 6-well MTPs and to 200 mm/s? for 24-well and 96-well MTPs. Another factor
extending the acquisition time was the limited range of the microscope stage, which con-
strained the acceleration distance, thereby reducing the maximum velocity.

An additional critical constraint is the latency introduced by the LCD controller, which adds
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approximately 57 ms between image transmission and display. This latency necessitates
incorporating a delay between the LCD and other time-sensitive components within the ac-
quisition process. As a result, implementing a closed-loop process to determine LCD pa-
rameters during the same scan as image acquisition is impractical. An open-loop process
proves to be more efficient, even though determining LCD parameters represents an addi-
tional step prior to the actual scan.

Based on these findings, a scanning process was developed, comprising multiple steps, two
of which are crucial for adaptive phase contrast microscopy. The first key step is the Bertrand
Camera Scan, which determines the LCD parameters before the actual image scan. During
this phase, the sample is moved in the same manner as during the image acquisition, but
images are captured through the microscope’s Bertrand lens. These images are analyzed,
and linear regression is applied to determine the shift of the condenser annulus at each
imaging position. The main scan, termed the Adaptive Image Scan, utilizes this information
to capture the specimen images, which are subsequently stitched into a continuous image.
Experiments demonstrated that the phase contrast area remains consistent with the stop-
and-go process, achieving acquisition frame rates of up to 60fps. Compared to a conven-
tional high-speed phase contrast microscope configured for optimal acquisition time, the
Adaptive Image Scan alone was found to be only 1.1 to 1.8 times slower. The entire pro-
cess, including the Bertrand Camera Scan, was only 2.2 to 3.3 times slower. Compared
to the stop-and-go process, the adaptive high-speed phase contrast microscopy process
achieved acquisition times approximately one order of magnitude faster for all configura-
tions, thereby successfully addressing SRQ4.

These findings affirmatively answer the main research question:

Can the optical compensation of the meniscus effect in phase contrast microscopy be per-
formed during sample movement in combination with continuous image acquisition?

The results demonstrate that the proposed method is suitable for high-speed meniscus ef-
fect compensation. The phase contrast area is substantially increased, while the acquisition
time is only marginally longer than that of a HSM scan without meniscus effect compensa-
tion, yet significantly shorter than with a stop-and-go approach. These results are based
on the current demonstrator, which could be further refined with upgraded components.
Consequently, even faster acquisition could be achieved through hardware optimization.

8.2 Outlook

Adaptive phase contrast microscopy has been successfully demonstrated in this thesis, pro-
viding a substantial improvement over conventional phase contrast microscopy. Future re-
search could expand upon these findings, particularly by extending the phase contrast area
beyond current limitations and reducing the acquisition time. The critical reflection of the
results obtained with the demonstrator, as discussed in Section 7.5.2, has already pro-
posed enhancements to overcome the deficiencies of the current demonstrator design. This
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section further suggests additional viable options for advancing adaptive phase contrast mi-
croscopy through more significant alterations to the hardware configuration.

8.2.1 Mechanical Liquid-Filled Prism

The liquid-filled prism was thoroughly analyzed in Chapter 5 and demonstrated promising
results. Yet, significant limitations included the complexity of the mechanical setup, con-
strained available space, and low robustness, leading to leakages and bubble formation.
Constructing a setup that addresses these critical shortcomings could potentially lead to
further improvements in the phase contrast area.

An enhanced prism design would require a more compact housing that can accommodate
motor levers and a cover glass, and ensure a tight seal between the elastic hull, glass, and
the housing itself. Improvements in the process of filling the prism with liquid are essential to
prevent air entrapment and bubble formation. A more reliable sealing mechanism is crucial
to prevent leakage throughout the prism’s lifespan. Substituting water with immersion oil
could elevate the refractive index, thereby necessitating smaller tilt angles. A wider aperture
would ensure that light is not obstructed by the shell or housing. Actuators must be capa-
ble of tilting the prism quickly and precisely despite high inertia; alternatives such as piezo
actuators or linear motors should be considered alongside servo motors.

8.2.2 Non-Mechanical Liquid Prism or Lens

A 3D beam steering mechanism, proposed by Lee et al. [Lee19], utilizes an electrowetting-
based liquid lens and prism, offering an alternative to the mechanical liquid-filled prism.
Applying an electric voltage to the walls of a liquid-filled container changes the shape of the
liquid-liquid interface. This configuration theoretically enhances the adaptability of the illu-
mination beam path, as tilt angles can be combined with the focusing and defocusing prop-
erties of a lens. Since this method does not rely on mechanical components, many issues
associated with the mechanical liquid-filled prism could be mitigated. However, the study
did not concentrate on optimizing the speed of switching between states, leaving uncer-
tainty regarding its suitability for high-speed applications. Further research could investigate
potential challenges arising from liquid inertia or oscillations at the liquid-liquid interface.

8.2.3 Digital Mirror Device (DMD)

Section 5.6 ruled out the use of a DMD due to the necessity of remodeling the entire illu-
mination unit of the phase contrast microscopy, resulting in high complexity, low flexibility,
and high cost. However, in setups where these criteria are secondary, this approach could
be implemented. Hofmeister et al. [Hof20] effectively utilized a DMD for compensating for
the meniscus effect. Further studies could explore this technique, comparing the phase
contrast area with the method outlined in this thesis under identical conditions. Additionally,
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this setup could be adapted for high-speed applications. Alternatively, other spatial light
modulators could be investigated to modify the microscope’s illumination.

8.2.4 Closed-Loop Control Without Bertrand Camera Scan

A drawback of the current method is the requirement for the Bertrand Camera Scan, which
doubles the acquisition time. If an optimized LCD with minimal latency and a high refresh
rate were developed, a new condenser annulus could be displayed almost immediately after
its parameters are sent to the LCD controller. This advancement would eliminate the need
for the Bertrand Camera Scan, as the displacement between the condenser annulus and
the phase ring could be monitored during the Image Scan itself, with information transmitted
to the LCD controller instantaneously.

A challenge in this approach is the rapid measurement of condenser annulus displacement.
This could still be achieved using a camera to capture images through the Bertrand lens,
followed by image analysis and regression. However, the image analysis process might be
too time-consuming, as it introduces additional latency. Alternatively, non-imaging sensors,
such as a photodiode that detects brightness shifts, could be employed. Once measured,
condenser annulus data would need to be transmitted quickly to ensure minimal changes
occur between measurement and display due to the moving sample.

This strategy hinges on the development of an LCD with suitable characteristics, such as
immediate screen refreshment after rendering a new image. While LCDs with dynamic
refresh rates have been researched for some time, the focus has mostly been on reducing
power consumption rather than achieving faster reaction times to changing inputs [Hua14].
Therefore, it is uncertain if such a device will be produced in the near future, as LCDs are
predominantly manufactured for consumer electronics. In this realm, faster response times
and higher frame rates are unnecessary since the human eye’s temporal resolution does
not exceed the refresh rate of most LCDs, and human reaction times are significantly longer
than the LCD controller’s latency [Ng12].

8.2.5 Movable Optics

HSM requires relative movement between the specimen and the microscope’s optics. This
thesis employed a method where the specimen is moved while the optics remain static, of-
fering a simpler implementation. However, maintaining a stationary specimen and moving
the optical components could potentially enhance acquisition speed further. This approach
could overcome the issue of low acceleration needed to prevent liquid sloshing, allowing
acceleration to be constrained only by hardware capabilities, inertia, and the need to avoid
mechanical oscillations. Nevertheless, aligning the optical path in such a setup is more com-
plex due to the necessity for precise synchronization of movements. The entire illumination
unit of the microscope would need to move in coordination with the observation unit around
the specimen.
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Once this challenge is addressed, the acquisition time becomes constrained by the refresh
rate of the LCD or the frame rate of the camera, necessitating a more advanced LCD. An ad-
vantage of this method is that all moving parts can be enclosed and sealed within a housing,
ensuring compliance with hygiene standards such as GMP [Man13].
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Table A.1: Publications identified via database search for phase contrast conditions. The fourth
column indicates the step at which a publication was excluded, the fifth column lists the exclusion
criterion, and the sixth column provides the reason for exclusion.

Primary Year Title Step Exclusion Exclusion argument

author criterion

Nienhaus, 2023 Adaptive phase contrast mi- Phase contrast area
F [Nie23] croscopy to compensate for determined by ex-
the meniscus effect perts, no quantifiable
criteria
Peters, 1979 Device for time-lapse stud- No meniscus effect
JH ies on living cells in vitro
[Pet79]
Loos, J 1996 A comparison of the lamel- No light microscopy
[Loo96] lar morphology of melt-
crystallized isotactic and
syndiotactic polypropylene
Yasumoto, 2009 X-ray imaging with laser- Not focussed on
M [Yas09] Compton scattering X-ray at phase contrast mi-
AIST croscopy
Ahmed, 2010 Isolation and character- No meniscus effect
IAM ization of homocholine-
[Moh10] degrading Pseudomonas
sp strains A9 and B9b
De 2001 Interpretation of phase and No light microscopy
Giorgi, M strain contrast of TEM im-
[Gio01] ages of InxGal-xAs/GaAs
quantum dots
Laiwejpi- 2018 UriSed 3 and UX-2000 au- Not focussed on
thaya, S tomated urine sediment an- phase contrast mi-
[Lai18] alyzers vs manual micro- croscopy
scopic method: a compara-
tive performance analysis
Yu, L 2021 High order phase contrast No light microscopy
[Yu21] and source divergence in
low energy electron mi-
croscopy
Wade, 1978 Phase-contrast characteris- No light microscopy
RH tics in bright field electron
[Wad78] microscopy
Erni, R 2016 Coherent Chromatic Effect No light microscopy
[Ern16] in the Transmission Electron

Microscope

xli



Primary Year Title Step Exclusion Exclusion argument

author criterion

Linck, M 2016 Chromatic Aberration Cor- No light microscopy
[Lin16] rection for Atomic Resolu-

tion TEM Imaging from 20 to

80 kV
Li, XJ 2022 Imaging biological samples 3 2 No light microscopy
[Li22] by integrated differential

phase contrast (iDPC)
STEM technique

Figure A.1: CAD drawing of a movable lens demonstrator.
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Figure A.2: Casting mold for the prism’s flexible silicon shell, comprising two mirror-symmetrical
parts and a rotationally symmetric (excluding the ventilation holes) core. One mold part is omitted
to reveal the interior.

Figure A.3: Cross-section through a CAD drawing of the liquid-filled prism and its actuation. (1)
Servo motor. (2) Lever guidance. (3) Metal housing outer part with lever connection. (4) Lever.
(5) Servo handle. (6) Spacer. (7) Metal housing inner part. (8) Flexible silicon shell. (9) Servo
mount. (10) Glass plate. (11) Metal housing outer part with base plate connection. (12) Spacer.
(13) Base plate.
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(a) Phase ring. (b) Sample.

Figure A.4: Bertrand lens image (a) and sample image (b) obtained during the experimental se-
quence illustrated in Figure 5.14. These images correspond to the 19th position of the LCD
measurements situated 5.7 mm from the center. The sample image exhibits reduced brightness
due to partial shadowing, likely caused by the well wall.

Table A.2: Transmission T¢¢ and reflection Reg coefficients at each interface of a liquid-filled prism,
with a prism tilt of & = 10° The overall transmission is calculated as the product of individual
transmissions, yielding 91.3°. Here, n; and ns are the refractive indices of Surfaces 1 and 2,
respectively. The angle of incidence is denoted by ~;, and ~,. refers to the refracted angle.

Air Glass 1.00 | 1.50 | 16.9° | 11.1° | 4.0% | 96.0%
Glass Water 1.50 | 1.33 | 11.1°| 12.6° | 0.4% | 99.6%
Water Glass 1.33 | 1.50 | 22.6° | 19.9° | 0.4% | 99.6%
Glass Air 1.50 | 1.00 | 19.9° | 30.7° | 4.2% | 95.8%
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Table A.3: Experiments to determine the frame switch time. Ring positions are depicted at the given
time since the start of the measurement. The orange line indicates the center of mass in x-

direction.

Time [ms]

Image

Center of mass in x [pixels]

1109 [, 119
1110 E- 119
1111 121
1112 123
1113 133
1114 135
1115 137
1116 139
1117 146
1118 150
1119 151
1120 151
1121 151
1122 152
1123 152

xlv



Table A.4: Times to switch between two frames during LCD switching time experiments, extracted
from ten experiments.

Mean [ms] 16.7 | 16.7 | 16.7 | 16.7 | 16.7 | 16.6 | 16.6 | 16.8 | 16.7 | 16.7 | 16.7
Median [ms] 17 | 17 | 17 | 17 | 17 17 17 17 17 17 | 17
Std [ms] 0.47 | 0.47 | 0.47 | 0.47 | 0.46 | 0.48 | 0.48 | 0.43 | 0.47 | 0.47 | 0.47
Min [ms] 16 16 16 16 16 16 16 16 16 16 | 16
Max [ms] 17 | 17 | 17 | 17 | 17 17 17 17 17 17 | 17
Max - Min [ms] | 1 1 1 1 1 1 1 1 1 1 1
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(a) MTP6, 4x magnification. (b) MTP24, 10x magnification.

Figure A.5: The maximum achievable phase contrast area in two different well plates and magnifica-
tions is outlined by orange circles. Shading by the MTP walls reduces brightness outside of this
circle.

(a) Regular phase contrast microscopy. (b) Adaptive phase contrast microscopy.

Figure A.6: Images of a whole well in an MTP6 with 4x magnification as result of the validation
experiments to determine the phase contrast area using a stop-and-go scanning process.
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(a) Regular phase contrast microscopy. (b) Adaptive phase contrast microscopy.

Figure A.7: Images of a whole well in an MTP24 with 4x magnification as result of the validation
experiments to determine the phase contrast area using a stop-and-go scanning process.

(a) Regular phase contrast microscopy. (b) Adaptive phase contrast microscopy.

Figure A.8: Images of a whole well in an MTP96 with 10x magnification as result of the validation
experiments to determine the phase contrast area using a non-continuous scanning process.
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Table A.5: Images captured during experiments to assess the reaction time of the LCD. These
images illustrate the gradual transition from black to white. The Gray value denotes the average
brightness of the entire image, utilized to identify the moment when the image is completely

rendered.

Index Image Gray Value
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Table A.6: Minimum distance from the well center, denoted as Min thr, where phase contrast con-
ditions cannot be maintained across the entire image. Distinctions exist based on whether the
image diagonal or the shortest side is considered. Num images indicates the number of images
this position is from the well center, assuming images are captured adjacently without overlap.
M: magnification. Applicable only to MTP24.

4 2.11 1.35 1.33 2.79 0.6 2.1
10 0.85 0.54 6.26 outside of well 7.4 =

(a) Single well. (b) Row of wells.

Figure A.9: Comparison of composite images for MTP6 at 4x magnification to determine whether it
makes a difference if wells are captured individually or as part of a whole MTP. (a) Image acquired
from a single well. (b) Image acquired from an entire row of wells. The white ring-like shape with
a black halo in the lower left is due to a droplet on the lid of the well.

Table A.7: Comparison of relative phase contrast areas between single wells and wells acquired as
part of a whole row across various MTP sizes, magnifications, and frame rates. Abbreviations:
Image Par: Imaging parameters, M: Magnification, f: Frame rate, Std: Standard deviation in
percentage points.

6 4 |15 54.0 2.1 53.7 1.8
24 4 | 30 19.6 0.8 21.7 2.0
24 |10 | 30 42.7 0.1 442 0.6
24 |10 | 60 45.3 0.4 447 1.8




(a) Single well. (b) Row of wells.

Figure A.10: Comparison between composite images of MTP24 at 10x magnification, captured using
the high-speed process. In (a), an image of only one well was acquired at a time, whereas in (b),
multiple images within a row were captured simultaneously.

(a) Conventional phase contrast mi- (b) Adaptive stop-and-go scan. (c) Adaptive high-speed scan.
croscopy.

Figure A.11: Evaluation of the images in Figure 7.18. (a), (b), and (c) correspond to Figures 7.18d,
7.18e, and 7.18f, respectively. Phase contrast area evaluation utilizes the algorithm described in
Section 4.2. The phase contrast areas are quantified as 6.0%, 42.3%, and 42.6%. Variations in
brightness levels across images result from preprocessing and do not indicate image quality.
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