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Resumen

La Microscopia Hologréfica Digital sin Lentes (DLHM) es una técnica de imagen que ha
sido utilizada para la visualizacion de muestras de tamafio micrométrico. La simplicidad en
el hardware requerido, la adaptabilidad en el procesamiento digital y la no necesidad de
marcadores la han posicionado como una alternativa atractiva, portable y eficiente en
términos de costos para la visualizacion de muestras biol6gicas micrométricas. A pesar de
la simplicidad en su implementacion, los componentes de hardware utilizados para
capturar los hologramas digitales tienen limitaciones que afectan directamente la correcta
visualizacién de muestras.

En la presente tesis de maestria en Ingenieria Fisica, se estudian las limitaciones en el
hardware de DLHM y su impacto para la visualizacion de objetos microscépicos. A su vez,
se proponen mejoras a estas limitaciones por medio de la implementacién de métodos
opto-numeéricos los cuales son validados por la visualizacion de muestras bioldgicas. Dada
la importancia de la apertura numérica (NA) para el rendimiento en DLHM, se presenta un
método para la caracterizaciéon y validacion de la NA en haces de luz. Se propone ademas
un método para la expansion del campo de visidn de los objetos observados. Finalmente,
se propone un método para corregir los hologramas en linea de DLHM con el fin de eliminar
artefactos inherentes a la fuente de iluminacion y también para recuperar la informacion
de objetos con estructura visualizados en DLHM.

Ademas de esto, adjuntos con esta tesis se encuentran dos manuscritos publicados en
revistas indexadas de circulacion internacional y 5 resimenes aprobados o actas de

congresos internacionales, donde los resultados de esta tesis fueron presentados.

Palabras clave: microscopia holografica digital sin lentes, limitaciones de DLHM,

apertura numérica, campo de vision, artefactos en lailuminacién, oclusiones.
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Abstract

Digital Lensless Holographic Microscopy (DLHM) is an imaging technique that has been
used to visualize micrometer-sized samples. The simplicity of the required hardware, the
adaptability of digital processing, and its label-free attribute have positioned it as an
attractive, portable, and cost-effective alternative for observing microscopic biological
samples. Despite the simplicity of its implementation, the hardware used to record the
digital holograms has limitations that directly affect the visualization of biological samples.
In this master’s thesis in Engineering Physics, the identified limitations of the DLHM
hardware and their impact on the visualization of micrometer-sized objects are studied. An
improvement of those limitations is proposed by implementing opto-numerical methods,
which are tested by visualizing biosamples. Given the importance of the Numerical
Aperture (NA) for the performance of DLHM, a method for characterizing and validating the
NA of propagating beam illuminations is developed. A method for expanding the field of
view of the visualized samples is presented. Finally, a multiview method for correcting
DLHM in-line holograms is proposed to eliminate illumination artifacts inherited from the
illumination source, and also to recover the information of occluded structured samples
visualized in DLHM.

The results were reported on two manuscripts already published in indexed journals of
international circulations and five proceedings or submitted abstracts of presentations at

international conferences.

Keywords: digital lensless holographic microscopy, DLHM limitations, numerical

aperture, field of view, illumination artifacts, occlusions.
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Introduction

Digital Lensless Holographic Microscopy (DLHM) is a two stages imaging technology of
interest for the label-free visualization of micrometer-sized samples with a high performance
and low cost [1,2]. A point source of spherical waves and a digital camera are the needed
hardware to work. In the recording stage, the spherical wavefront illuminates the sample
and produces a diffraction pattern whose intensity, known as hologram, is recorded in the
digital camera [1]. In the reconstruction stage, the complex-valued wavefield scattered by
the sample is numerically retrieved by computing the backwards propagation of the digital
hologram [3]. This is achieved through numerical scalar diffraction methods [3-5]. From the
retrieved wavefield, either the intensity or phase information of the sample can then be
computed [6].The simplicity of the required hardware and the versatility of digital processing
the recorded holograms make DLHM an attractive alternative for visualizing microscopic
biological samples [7]. Additionally, being an holographic technique, it allows the label-free
visualization of specimens that typically require staining due to their lack of color and
contrast [8]. This makes possible the observation of micrometer-sized specimens like cells
or microorganisms [9], without employing staining agents that could chemically react with

the specimens and potentially cause harm [8].

The simplicity of the required hardware, the adaptability of digital processing and the its
label-free feature make DLHM an attractive tool for visualizing microscopic biological
samples [7]. However, due to this same simplicity, the optical properties of the few
hardware components strongly determine the final image quality. This gives rise to several
limitations that can constrain the adoption of this technology. For the study of biological
samples, the accurate characterization of the numerical aperture of the point source, the
reduced field of view (FOV) when a large magnification is required to the accurate sampling
of higher frequencies diffracted by the specimens, the possible presence of noise artifacts
in the illumination profile, and the occlusion of objects in the same line of sight of a

volumetric sample, are particularly troubling.
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The performance of the technique strongly depends on the Numerical Aperture (NA) of the
illumination source [1]. The larger the value of the NA, the better the achievable resolution.
The traditional implementation of DLHM uses a pinhole-based illumination source;
nevertheless, multiple alternatives sources have been explored for their use in DLHM.
Commercial optical elements, such as aspherical [2,10,11] and diffractive-refractive
lenses [12], have been utilized to generate the needed spherical wavefront. For these
elements, the graded NA value reported by the manufacturer should be validated.
Moreover, manufacturing custom illumination sources, such as optical fiber cone tips [13—
15] and holographic point sources [16], have been adapted to the DLHM setup. For these
sources, a characterization is required, as there is not a graded NA value available.
Consequently, a technique for the characterization and validation of the NA of propagating

light beams was developed, implemented, and tested.

DLHM presents improvement opportunities for its uses in biological applications. For the
visualization of smeared micrometer-sized biosamples, such as red blood or epithelial
cells [9], a large field of view (FOV) is often required to include enough amount of cells in
the visualized image. In DLHM, increasing the FOV area results in a decrease in the
magnification of the diffraction pattern of the sample. This reduction may jeopardize the
correct sampling of the diffracted information in the recorded hologram. To prevent this
problem, it is necessary to develop methodologies for expanding the FOV while maintaining
a properly sampling the diffracted information. There is one reported method for expanding
the FOV in DLHM [17]; however, its implementation requires including additional hardware
elements in the point source setup, spoiling the simplicity of the conventional setup. A
solution that can increase the FOV for DLHM without affecting the simplicity of the

conventional setup was sought and developed.

The above considerations assume that the wavefront emerging from the point source is an
ideal spherical wave. Thus, as an ideal spherical wave does not exist, the wavefronts
produced by the alternative illumination sources could carry illumination artifacts. As the
quality of the spherical wavefront directly affects the recovered sample information [18], the
presence of any artifact inherited from the illumination source produces a ruined
visualization of the sample in the region where the artifact is located. Moreover, for the

application in biosamples visualization, those artifacts lead to deteriorated visualization of
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the specimen, which may conceal the identification of the structure of the sample. The
current approach to tackle this problem includes the numerical calculation of a contrast
hologram for eliminating imperfections in the illumination source [1,19], the application of
filtering techniques typical to imaging processing for decreasing the impact of the
illumination artifacts [20,21], and hologram normalization alternatives for solving the
illumination inhomogeneities [18,22]. Despite their effectiveness to alleviate light
inhomogeneities of the wavefront, they failed when applied to remove massive and strong
illumination artifacts. Hence, a method to remove the presence of illumination artifacts that

can distort the displayed images in DLHM was developed.

The visualization of biosamples can be extended to volume samples, such as swimming
specimens [14,23], even in wild environments [24]. For this application, DLHM is an
attractive technique, given that the in-line hologram records the information from the whole
illuminated volume; this allows the possibility of a-posterior focusing of the specimens at
different axial positions of the volume. In that way, it is possible to record the diffraction
pattern of occluded samples, namely when more than one specimen is in the same line of
sight in the visualized volume [25], producing a recorded hologram with superimposed
information of the samples. Consequently, as the digital hologram carries all the recorded
information scattered by the specimens in the volume, the numerical reconstruction for
occluded specimens carries a distortion in the imaged sample, affecting the quality in the
visualized specimens. An occlusion removal method is required in DLHM, given that no
methods are reported to date. Hence, an occlusion removal method was developed,

implemented, and tested in DLHM recordings.

Finally, access to microscopy equipment is commonly limited to well-funded laboratories,
given the high cost of the optical components, such as microscope objectives and lenses.
The simplicity of the hardware previously presented for DLHM reports an opportunity to
develop cost-effective prototypes in which the reduced hardware components imply a
reduced price. In this way, the Optics and Opto-Digital Processing Research Group
developed the most cost-effective microscope with the DLHM technology reported to date,
costing approximately US$53.00 [2]. The surveillance digital camera utilized for the
hologram recording in that microscope is the most expensive element, costing
approximately US$43.40. Adapting lower-cost commercial digital cameras could reduce the

cost of the device, but the optical characteristics of low-cost sensors could reduce the
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optical performance of the technique. Using the previously presented approaches, these
limitations are surpassed, showing that even budget cameras can be used to achieve

research-grade imaging in DLHM architectures.

All the above-mentioned approaches allow the alleviation of the identified limitations for the
DLHM adoption in the observation of biosamples. In this master’s thesis in Engineering
Physics, the development of these methods and their application in visualization of
biosamples are presented. Chapter 1 introduces the conceptual background and state-of-
the-art for the content of the next chapters. Chapter 2 presents the development of the
Multiview Correlation Method for correcting in-line holograms in DLHM. Chapter 3 presents
a technique for characterizing and validating the NA of propagating Gaussian beams.
Furthermore, a method is presented for expanding the FOV in DLHM. These advancements
have been integrated into a cost-effective microscope, enhancing its capabilities with a
further reduction in cost. Chapter 4 presents the application of the Multiview Correlation
Method for correcting artifacts inherited from the illumination source. Chapter 5 presents
the recovery of the information from samples in the presence of occlusions by applying the
Multiview Correlation Method. Finally, Chapter 6 concludes with the main results achieved,

and the perspectives of future work that can be derived from them.

The most significant novel results that have been derived from this master’s thesis have

been reported in papers published in indexed journals of international circulation such as:

- “Automatic method to measure the numerical aperture of a propagating Gaussian
light beam”, Optica Pura y Aplicada 55, 1-8 (2022) [26].

- “Image enhancement and field of view enlargement in digital lensless holographic
microscopy by multi-shot imaging,” J. Opt. Soc. Am. A 40, C150-C156 (2023) [27].

Additionally, the most significant results were presented in scientific conferences of

international scope in the form of both oral and poster presentations as follows:

- “Método automatico para la medicién de la apertura numérica de haces de luz
Gaussianos”, XVII Encuentro nacional de Optica y XIll Conferencia Andina y del
Caribe en Optica y sus aplicaciones, Medellin Colombia, 2021 [28].

- “Cost-effective digital lensless holographic microscope,” in OSA Imaging and
Applied Optics Congress (Online), Washington DC United States, 2021 [29].
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- “Improvement of the image reconstruction in digital lensless holographic microscopy
by scanning of the sample plane," in Latin America Optics and Photonics (LAOP)
Conference 2022, Technical Digest Series (Optica Publishing Group, 2022), paper
W1D.2. [30].

- “Removal of perturbations from Optical-Pickup-Unit-based illumination for Digital
Lensless Holographic Microscopy”, XI Iberoamerican Optics Meeting / XIV Latin
American Meeting on Optics, Lasers and Applications (RIAO-OPTILAS), San José,
Costa Rica, 2023 [31]. Awarded with the Third Place in Poster presentation.

- “Recovery of occluded objects in digital lensless holographic microscopy”, Xl
Iberoamerican Optics Meeting / XIV Latin American Meeting on Optics, Lasers and
Applications (RIAO-OPTILAS), San José, Costa Rica, 2023 [32].






1.Digital Lensless Holographic Microscopy

1.1 Fundamentals of Digital Lensless Holographic
Microscopy

The original conception of Digital Lensless Holographic Microscopy (DLHM) was proposed by
Dennis Gabor in 1948 [33]. In that work, a two-step imaging method for the visualization of micro-
sized objects was introduced. The core of this invention was the achieving of a lens-free magnified
image of the sample by the free space propagation of the diffraction pattern of the sample, as it was
illuminated by a divergent wavefront of electrons. In the first step of this technique, a divergent
spherical wavefront exp(ikry) /|ro| illuminates a weak scattering sample S(7,) located at a
distance z close to the point source that produces the said wavefront. The diffracted wavefield,

explik#,] exp[ik (7 — 7
pE o p[_}( _) 0)] 47, (1.1)
7ol |7 — 7ol

@ = s
Sample

carrying the information of the sample, propagates towards a photographic plate located at a
distance L from the said source, as shown in Fig. 1-1. The position vectors 7, (x,, Yo, 2z) and
7(x,y,L) denote a sample plane and the photographic plate plane, respectively, measured from

the point source. There, the recorded intensity () = U(¥)U*(¥) is known as a hologram [34].

For the second step, the hologram recorded on the photographic plate is directly illuminated by an
illumination wavefront, without the presence of the sample. As the complex-valued wavefield of the
sample is coded in the holographic plate, an image of the sample can be visualized in a position

and with magnification dictated by the holographic equations [35].
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Fig. 1-1. lllustration of DLHM architecture

The development of new technologies enhanced both stages of Gabor proposal, what led to it is
known as DLHM [1]. For the recording stage, the electrons source has been replaced by a point
source emitting visible light and the photographic plate has been replaced by a digital sensor; the
latter helps to overcome the laborious wet chemical processes for the recording of the
hologram [36] and enables the articulation of the versatility and opportunities of the digital world in
the process of the sample information recovery for the reconstruction stage. The use of digital
cameras in DLHM allows easily multiple recordings during the recording stage, such as the
reference I (") wavefront, which corresponds to the intensity produced by the point source

without the presence of the sample.

The second step of Gabor proposal’s has been replaced by a numerical processing of the digital
recorded hologram [36]. A pixel-wise subtraction of the reference from the recorded hologram is

calculated as:

I(#) = I(7) = Iger (D). (1.2)

This information is known as contrast hologram [1,19] and is aimed to remove the presence of the
zero-diffraction order from the recorded information of the sample [37]. The computation of the

numerical diffraction that a converging spherical wavefront exp[—ik7]/|#| undergoes as it
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illuminates the contrast hologram [3,4]:

L. -, exp[—ik7] exp[—ik (¥ — 7})]
Uo) = fDigital Q) 7] 7 =7,
camera

-

(1.3)

allows the recovery of the complex-valued information of the sample at its corresponding imaging
plane. From this complex wave-field, the amplitude A(7#,) = |U(#,)], the intensity I1(7y) = |U (%) |?
and the phase ¢ (7)) = atan{Im[U(7;,)]/Re[U(#;)]} can be computed, withRe( ) and Im( )
being the real and imaginary components of the complex field, respectively, and the function

atan( ) being the arc-tangent function.

1.1.1 Multiplexing in DLHM

The simplicity in the process of recording a digital hologram in DLHM and the linearity in
amplitude of the recorded holograms [6], allow the possibility of using the superposition
principle to easily record and consequently add digital holograms without losing information
about the imaged samples. This fact has been explored in time multiplexing for trajectory
particle tracking [19]. A stack of time-spacing N digital holograms I, is recorded; in the first
approach for trajectory particle tracking, each hologram of the stack can be reconstructed,
and the movement of the scene can be observed by individual reconstruction of each
hologram of the stack. This process can be simplified by utilizing the superposition principle
of DLHM. Initially, by adding the contrast holograms of the time-spacing stack of holograms,
a new one with the information in time of the same object can be obtained. This enables
the reconstruction of just one hologram, where the displacement of the sample can be
observed. Then to improve the performance, the contrast hologram is not calculated for
each recording of the stack. In a better approach, consecutive hologram pairs are pixel-
wise subtracted to eliminate the nuisance of the converging illumination wave, and the

result is added to compose the time-tracking hologram I, (x, y) as

N/2

1
Irrack(x%,y) = N_/ZZ Li—106y) — Li(x,y). (1.4)
i=1

Finally, equation(1.3) is computed for Ir,,.,(x, ¥) to recover the complex-valued wavefield
of all the information of the displaced sample in one recovered scene. Fig. 1-2 shows the
application of this method for the visualization of a Rotifer swimming at a speed of 2.5mm/s

recorded by a submersible microscope at a depth of 15 m in the North Atlantic [6,23].
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Fig. 1-2. Timing visualization of a swimming Rotifer [6,23].

1.2 Limitations in the visualization of biosamples

The visualization of biological micrometer-sized samples has been a challenge in research.
The transparent characteristic of biological specimens generates that the use of imaging
techniques such as brightfield microscopy, requires the utilization of stains in the samples
for a correct visualization of the sample [8]. On the other hand, holographic techniques such
as DLHM do not require the use of labels or staining to visualize microscopic images [7]. In
these techniques, the recorded hologram codes the amplitude and phase information of the
sample, and by computing a numerical reconstruction process, the complex-valued
wavefield scattered by the sample can be recovered. This approach minimizes the
interaction with the sample and allows the study of biological samples without the chemical

intervention and possible poisoning effects of labels [8].

The visualization of smears samples, such as red blood or epithelial cells, is common in
biological studies [9,38]. For visualizing those smears samples, a large field of view (FOV)
is required to observe more cells quantity in the same image. In DLHM, the larger the FOV,
the less the magnification of the diffraction pattern of the imaged sample, which may ruin
the correct sampling of the specimen information in the recorded hologram; consequently,
affecting the recovering of the information of the scattered wave-field. The presence of
inhomogeneities or artifacts in the illumination leads to altered visualization of the
specimens after their reconstruction. When imaging biosamples, these alterations may
conceal critical details for the identification of the structure of the sample, thus limiting the
usability of the technique. Moreover, the visualization of sample volume could be affected
by occlusion presence. For DLHM, while the digital hologram carries all the recorded

information scattered by the specimens in the volume, the presence of multiple specimens
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in the same line of sight generally hinders the correct visualization of the samples in the

reconstruction.

The capabilities of DLHM for visualizing biological samples have been studied in different
specimens, including millimeter-sized such as Drosophila melanogaster fly [39], and starch
grains [40], as well as micrometer-sized organisms such as algae [19], protozoa [23],

bacteria [41], and cells such as epithelial human cells [2], and red blood cells [2,13].

Similarly to the case of conventional optics methods, different implementations have been
incorporated into the DLHM conventional setup to improve the capabilities of the technique,
including multi-wavelength coherent illumination for color imaging [39], the addition of
polarizers to analyze anisotropy of biological samples [40], the utilization of an electrically
tunable lens to provide variable zoom to the technique [42]. While some of these
implementations require hardware modifications, others are purely computational and
maintain the simplicity of the DLHM hardware, such as recording holograms of successive
positions of microorganisms for trajectory tracking [19,23,43] and normalization algorithms
for improving the contrast in the reconstruction [18]. Limiting the hardware to only two
components has made possible the development of compact microscopes for biological
sample visualization [2,10,13,23,24,41]. Although the simplicity of the hardware
components is a benefit for the implementation of the technique, it also means that the
optical properties of these components strongly influence the quality of the imaged
samples. The next subsections will examine the challenges and limitations of the
conventional hardware used in DLHM, including the digital sensor, the point source
illumination, and the sample, in terms of their impact in the recording process of the digital

holograms.

1.2.1 Numerical Aperture and FOV
The performance of DLHM in terms of the spatial resolution is governed by the numerical aperture

(NA) of the microscope [1,33]. Accordingly, a DLHM microscope can distinguish two object points

that are separated by a lateral distance Ar if

y)
Ar > SN’ (1.5

and by an axial distance Az if:
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A (1.6)

>_
“=Naz -

with A the wavelength of the illumination source. In DLHM, the NA is determined by the smallest

value between the NA of the illuminating point source as
NA = nsing, 2.7)

where 0 is the half-angle of the cone light and n is the refractive index of the medium [44], and the

NA defined by the geometry of the recording setup as

w
NA=——r——,

, (g)z L (1.8)

where W is the width of the recording sensor.

For DLHM exists an effective architecture when the NA of the illumination is equal to the geometric
NA4; in this configuration, the light source fully illuminates the digital sensor. The characterization of
the light source in terms of the NA and the size of the sensor W, determine the effective value of L
distance by simple geometry. When a smaller L distance is used, the digital sensor is not fully
illuminated by the light source, resulting in non-used zones in the sensor. On the other hand, when
a larger L distance is used, the clipping of the illumination by the effective sensing area, leads to a
loss in the achievable resolution of the technique, as shown in equations (1.5) and (1.6). Knowing
the illumination NA and W values of the utilized microscope, is essential to determining the best

architecture for providing the best performance to DLHM.

The NA depends only on the illumination source and only affects the propagation of the
sample information towards the recording plane. However, W depends on commercial
digital sensors, and their specifications constraint the recorded information on the digital
hologram. These limitations in terms of the recording system have been determined by
analyzing the hologram recording of two-point scatters separated by a distance t [23], as is
shown in Fig. 1-3. Both point scatters were located at a z distance from the point source,
and the diffraction pattern was produced over the digital sensor plane at a distance L from
the said source. The digital camera records the interference of the diffraction pattern of both
independent point scatters illuminated by the spherical wave [45]. This interference

produces a modulation depending on the separation ¢t between both scatters [23]. Given
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the finite size of the digital sensor, a requirement where at least the first enveloped
modulation is recorded on the sensor was proposed, and the limits for the separation t
between two-point scatters were determined for DLHM. A geometric analysis for the setup

provide an expression for the sensor size as [23]:

(L—2)A

W = .
o (%)2 (2.9

w

Digital sensor

Two scatters I
sample t l |
Z

Point source

Fig. 1-3. Hologram recording of two-point scatters in DLHM architecture.

In this expression, the smaller the t distance between the scatters, the larger the size of the
sensor, and when that distance is half of the used wavelength, a sensor of infinity length is
needed to record at least the first enveloped modulation pulse. Indeed, does not exist a
commercial sensor of that length, but that value indicates that a large size of the sensor is
crucial for properly recording the digital in-line holograms. In the same line of the sensor, to
guarantee a correct sampling of the diffraction pattern of the sample, according to [23], the
smaller fringe spacing diffracted by the sample over the sensor plane should be recorded

at least by 3 pixels, determining in this way the pixel size as
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L-z

— (1.10)
3 W_l

Finally, the geometric parameters L and W of the architecture of DLHM or the used NA, in

Ap <

conjunction with the source to sample distance z, determine the FOV as
Finally, the FOV of the DLHM architecture can be defined in two ways, first in terms of the
geometric parameters L and W, and second, in terms of NA; both definitions depend on the

source to sample distance z, as

wz 2
((21\1;,42)2
(1-NA2?)

FoV = (1.11)

for a square sensor of W side. Consequently, the magnification M of the diffraction pattern

of the object over the digital sensor is defined as

M="=

zZ

(1.12)

To summarize, the maximum performance of DLHM architecture is limited by three
parameters: NA of the illumination, W size of the digital sensor, and pixel size. These
parameters directly impact on the achievable resolution of the technique, and the first two

parameters define the FOV of the visualized samples.

1.2.2 lllumination artifacts

In DLHM, as the magnification of the recorded digital hologram is produced by the free-
space propagation of the diffraction pattern of the sample as it is illuminated by a diverging
wave, the quality of the recovered image depends strongly on the quality of the recorded
illuminating wavefront; the closer the illumination to a perfectly clean spherical wavefront
as shown in Fig. 1-4 (a), the better the quality of the reconstructed image [18]. Any inherent
inhomogeneity in the illuminating wavefront is carried towards the digital sensor and is

scrambled in the recording of the sample information.
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Additionally, according to equations (1.5) and (1.6), the best performance of DLHM in terms of
spatial resolution is achieved using the larger possible NA illumination source. The maost common
method for generating a spherical wave illumination in DLHM is focusing the light of a laser onto
the surface of a metallic pinhole with a diameter close to the illumination wavelength. Despite the
effectiveness in terms of reaching NA values close to 0.77 [1], the need for very precise and robust
optomechanical devices turns this method very unstable, resulting in non-symmetrical distorted
illuminating wavefronts [14]; interference ring-like artifacts are also commonly presented due to
reflections produced in the sensors protective glass layers and infrared filters, which are widely
added to the digital recording systems, as seen in Fig. 1-4 (b). All the previously mentioned
inhomogeneities are inherited in the recovered image, decreasing the performance and quality of
the final reconstructed images in DLHM. In Fig. 1-4 (c), the inherited ring-like structures produced
in a pinhole DLHM approach in the reconstruction of the tip of an acupuncture needle are shown.
Additionally, small tilts in the alignment of the microscope could lead to reflective artifacts between
the pinhole metallic surface and the sample slide, as seen in Fig. 1-4, panel (d), where a 100 um
circle from a calibration microscopy slide is imaged. It is of great concern that these reflective
artifacts become larger when the microscope slide is closer to the illumination source, because this
is the common setup in DLHM for the proper magnification of the sample information pattern.

Fig. 1-4. DLHM point source and intensity reconstructions. Panel (a) shows a numerical
generated point source of spherical waves. Panel (b) shows a 1 um pinhole illumination,
panel (c) shows the reconstruction of the tip of an acupuncture needle, panel (d) shows

the intensity reconstruction of a 100 um circle from a calibration microscopy slide.
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Options for the pinhole approach have already been reported. Graded-index lenses [41]
and holographic point sources [16] have also been used in lensless imaging systems to
produce the needed illuminating spherical wavefront; in somehow a similar way to the
pinhole-based technique, those methods require the use of robust optomechanical
components for the precise alignment of the system. Engineered optical fibers have been
utilized to produce point sources with NA of 0.88 [13-15]. However, this approach has the
disadvantage that this optical fiber exhibits a high sensitivity to dust and mechanical fragility.

Aspherical and refractive-diffractive lenses are some of the best current options to produce
the needed spherical wavefronts in DLHM [2,10,11,46,47]. The former can produce neat
spherical wavefronts at a limited range of NA and has been utilized in DLHM to produce
the most cost-effective label-free microscope reported to date [16] using an aspherical lens
of NA = 0.67. Moreover, the refractive-diffractive lenses produces spherical wavefronts at
NA above 0.85, as the Optical Pick-up Unit (OPU) diffractive lens [48,49], but presents
massive ring-like structure artifacts as shown in panel (a) of Fig. 1-5, produced by the edges
of the phase shift diffractive structures, which are persistent in the imaged samples as
inherited artifacts at the same time that limits the usable FOV for the sample imaging [12].
Nevertheless, both types of lenses demand a collimated illumination source and are easily

dusted as they are out of a controlled lab environment Fig. 1-5 (b).

Fig. 1-5. Recorded illumination in DLHM without the interest sample. Panel (a) shows the
illumination produced by a Blu-ray OPU focusing lens. Panel (b) shows the dusted

ilumination of an aspherical lens out of controlled environmental conditions.
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Different strategies have been proposed to overcome the effects of those illumination
artifacts over the reconstructed image. The first and simplest is the reconstruction of the
contrast hologram [19] presented in equation (1.2); the subtraction of the recorded
reference eliminates inhomogeneities of the illumination, but it does not work properly for
all of the cases and does not solve the artifacts presence. Additionally, different standard
filtering techniques have been applied to the contrast hologram, such as median, Non-Local
Mean (NLM) [20], and Block-matching and 3D (BM3D) filters [21], to decrease the presence
of illumination artifacts; but similar to the contrast hologram, does not fully overcome the
influence of illumination artifacts and in some cases could result in a resolution reduction.
Finally, methods for normalizing the DLHM holograms and correcting the effects of the
illumination inhomogeneities, such as Barton’s method [22] and its modification [18], have
also been used in DLHM. These methods enhance the contrast of the reconstructions but

do not fully solve the artifacts problem.

To illustrate the incidence of illumination artifacts over the recovered images in DLHM, an
USAF test target [50] was imaged utilizing a DLHM microscope based on a OPU as
illumination source, with NA of 0.85. The presence of the ring-like structures artifacts,
product of the diffractive-refractive structure of the outer lens of the OPU, is evident in the
recorded hologram as is shown in Fig. 1-6 (a). Despite the theoretical high spatial resolution
this NA could produce, the inhomogeneities perturb the reconstruction of the contrast
hologram, leading to a poor-quality resulting image, destroying the sample information as

shown in panel (b) of Fig. 1-6.

Fig. 1-6. Recorded in-line hologram of an USAF test target using an OPU as the
illumination source in panel (a), and the reconstruction of the corresponding contrast

hologram in panel (b).
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While Fig. 1-7 panel (a) shows the direct reconstruction of the contrast hologram, panels
(b), (c), and (d) show the reconstruction by applying standard filtering techniques as the
median, NLM, and BM3D, in that order. As seen from the reconstructed images, those
conventional techniques do not overcome the influence of the illumination artifacts, and the

poor quality is observed in the reconstructed information.

Fig. 1-7. Reconstruction of corrupted DLHM hologram. Direct reconstruction from the
contrast hologram in panel (a), after applying median filter (b), NLM filter (c), and BM3D
filter (d).

In Fig. 1-8 panel (a), the direct reconstruction of the contrast hologram is compared to
Barton’s method and its modification, which are shown in Fig. 1-8 panel (b) and (c),
respectively. Although the increased of the contrast of the elements at the outer border of
the image, the quality of the visualized USAF test target remains similar to the direct
contrast hologram, without improving the effects of the illumination artifacts over the

reconstructed image.
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Fig. 1-8. The direct reconstruction from the contrast hologram in panel (a). Panels (b) and

(c) show the reconstruction after the application of the Barton’s method and its

modification respectively.

As it was presented, all the possible point source alternatives bring drawbacks over the
recorded in-line hologram mainly due to the presence of artifacts, which constantly affects
the final quality of the recovered image in DLHM. The current methods for reducing
illumination artifacts in DLHM are not always effective in overcoming all possible artifacts.

Therefore, there is a need to develop new methods that can better address this issue.

1.2.3 Occlusions

Sample volume visualization is common for studying micrometer-sized objects, including
biological specimens. The observation of swimming specimens in a water
volume [14,23,24] and monitoring microplastic contamination [51,52] are tasks that can be
named. Instead of regular microscopy imaging techniques that produce in focus plane-by-
plane information of the sample volume, DLHM records a digital hologram that carries the
scatter information of the whole illuminated volume sample. Moreover, the reconstruction
stage offers the possibility of numerical focusing on different planes where various objects
may be located. That makes DLHM an attractive technique for sample volume visualization.
In DLHM, and as in any regular system for the visualization of volume sample [53,54], it
can occur that the information of an illuminated object to be visualized does not reach the
recording system, partially or totally, by the interposition of another object in the same line
of sight [25]. This phenomenon is known as occlusion. Because DLHM is a holographic
technique, the superposition of the diffracted information of both objects can be recorded
in the same region of the digital hologram. However, the reconstruction process of DLHM

has the capability of numerical refocusing individually the different planes by simply
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computing eq. (1.3) at different z distances, but the presence of more than one object in the

line of sight generates a degradation of the reconstructed image.

Fig. 1-9 (a) shows a recorded hologram of a USAF test target [50] glued to a glass cover
slide of epithelial cheek cells. The reconstructions of the said hologram to focus the two
different sample planes are shown in Fig. 1-9 (b) and (c).

Fig. 1-9. In-line hologram of the occlusion between an USAF test target and epithelial

cheek cells in panel (a). Panel (b) and (c) are the reconstructions to get in focus the

USAF test target and the epithelial cheek cells, respectively.

As can be seen in Fig. 1-9, the location of different objects in the sample volume renders
to partial or total occlusions, compromising the quality of the imaged sample and distorting
the sample information with that from the out-of-focus planes. This fact demands for a
method to remove the occlusions in DLHM, allowing the visualization of the samples for in-

focus different planes without the presence of information of out-of-focus planes.



2.Multiview Correlation Method for DLHM
hologram correction

The linearity in amplitude of in-line holograms [55] supports the use of the superposition
principle in multiplexing methods, such as the time multiplexing [19] presented in the
previous chapter. Inspired by that method, a spatial multiplexing approach to overcome the
limitations of DLHM presented in the former chapter is presented.

In this approach, an in-line DLHM hologram H(x,y) can be expressed as a product of

different information I; (x, y) and I,(x, y),

H(,y) = L0, L y), (2.1)
where I (x,y) is the information of the scattered light from a static specimen placed at z
distance from the point source and I,(x,y) is deeply dependent of the application of this
method and will be explored in the following chapters; it could be an illumination
inhomogeneity, the occluding information of an object, among others. For this method to
work, a set of in-line DLHM holograms is recorded while the static specimen is located at

different positions across its plane as

Hi(x,y) = Il(x —Ax;q,y — Ayi,l)IZ(x —Axipy — Ayi,Z)' (2.2)

Ax;i;and Ay;; are the displacements in the x-axis and y-axis of the specimen over the
sensor plane in I;(x,y) for each i*" recorded in-line DLHM hologram; and Ax; ,and Ay; ,
are the same for I,(x,y). The recording of multiple in-line DLHM holograms of the same
specimen allows for obtaining, in overall, a set of holograms with the same information
under different conditions [56]. This method aims to separate I;(x,y) and I,(x,y) to

overcome the identified limitations of DLHM.

A new composite hologram is produced by the coordinated addition of the set of in-line
DLHM holograms. To achieve this, the normalized cross-correlation (NCC) is evaluated to

determine the relative displacement between the set of recorded holograms [57]. A
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hologram of the set, it is chosen as fixed recording for the calculation of all NCC with respect

to it. A region of interest of this hologram, with its origin of coordinates in (xr,,_, yr,,) and
size (VxTFix,VyTFix), is selected as the template T (x',y") for the computation of the NCC.
The search for the template T(x', y") on each of the recordings of the set of in-line DLHM
holograms H;(x,y) constitutes the computation of the NCC matrix, following the
expression [57]:

Ly T(x',y") - Hi(x,y)
(Ext TG YD B i y)?

NCC(x,y) =

(2.3)

From the NCC matrix, the coordinates of the correlation maximum (Xyccy,,.0 YNCCyar) Mark

the position where the template has the largest similitude with the corresponding displaced
hologram. These coordinates account for the relative shift between the displaced hologram
and the template. Therefore, the relative displacement between the fixed and each of the

holograms of the set is computed as
(Axs’ AyS) = (xTFix ~ ANCCMax Y Trix ~ yNCCMax) : (24)

The composite hologram Hcomyp (x, ), is produced by the coordinated addition of the in-line

DLHM holograms H;(x, y) considering their relative displacement previously calculated:

N
HComp(x; y) = Z 1Hi(x + Ax; 1,y + Ay;q). (2.5)
i=

If equation (2.2) is replaced in equation (2.5), the relative displacements of I, (x,y) are
removed, and it can be separated from the sum, allowing the conservation of this

information as:

N
HCOmp(x' y) =1L(x, Y)Z. 112(x —Ax;p + Ax;q,y — Ay + AYi,1) . (2.6)
=

As I (x — Ax;, + Ax; 1,y — Ay;, + Ay;;) has a different relative displacement for all the
holograms of the set. In following chapters this equation will be known as the composition

equation.
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For a given number of N added holograms the term inside the summation becomes a
homogeneous quantity, resulting in a corrected hologram that contains, in overall, only the

information of I; (x, y):

HComp(er) = 11(x;)’) . (27)
The same addition can be performed to a set of reference holograms, generating a

composite Reomp (X, ).

A normalization is computed for both Heypmp, (%, ) @and Reomp (x, y) by dividing each resulting

pixel by the number of added in-line holograms/references utilized for its composition. Both

images are pixel-wise subtracted to produce the composite contrast hologram [58].

icomp(x' y) = IComp(x: y) - Rcomp(x, y) (28)
Finally, Izomp(x,¥) is reconstructed by the numerical implementation of equation (1.3) as

was presented in the former chapter.

The logo of the Opto-Digital Processing Research Group (ODP) and a dragonfly silhouette
are used for applying the Multiview Correlation Method to illustrate its performance in
correcting holograms. Both objects are displaced over a gray background simulating the
recording of the set in-line holograms. The displacements for the objects are different as a
requirement for the application of the proposed method. In a fixed image of the set, a region
of the ODP logo is selected as the template, as is shown in Fig. 2-1 (a). The NCC between
the set of displaced images and the template is computed to determine the position of this

template in each of the images of the set in Fig. 2-1 (b).

0 0
XTrix

YT

Fig. 2-1. Selected template coordinates for a fixed displaced image, in panel (a) and one
displaced image of the set, in panel (b).
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As the coordinates of the template in the fixed image (xr,. ,yr,,) are known, the

coordinates of the template in the set of images are subtracted to determine the relative
displacement (Axg, Ay;) for all the images of the set. Then the coordinated addition
considering the relative displacements is computed. Fig. 2-2 shows this addition of two
images; the information about the ODP logo is located and added in its position, given the
determination of the template coordinates. Conversely, as the relative displacements of
both objects are different, the information about the dragonfly does not coincide, generating
a fuzzy addition of this object information. Additionally, a larger image size is observed
produced by the displacement of the images.

XNCCMa

AXx XTrix
Ays

YTrix

YNCCMax

Fig. 2-2. Relative displacements between an image of the set and the one fixed.

When more displaced images are added, the undesired information, the dragonfly
information in this case, becomes fuzzier, while the desired information is preserved. This
can be seen in Fig. 2-3 (a) where 25 images are added to compose the image. Finally, to
eliminate the presence of the edges of the composite image, each resulting pixel is divided
by the number of added images utilized for its composition, resulting in the corrected image

showed Fig. 2-3 (b) with a larger size than that of the original image.
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Fig. 2-3. Composite image in panel (a) and its normalization in panel (b).

The application and effectiveness of the Multiview Correlation Method to eliminate
undesired information while the desired one is conserved is presented. In following

chapters, this method will be applied over recorded in-line holograms to overcome identified
limitations in DLHM



3.Improvements in the Numerical Aperture
and FOV of DLHM

The illumination NA was identified in Section 1.2.1 as the parameter inherited from the
hardware that limits the performance for the visualization of samples in DLHM. It depends
on the source of spherical wavefront illumination and is essential for determining the
performance and arrangement of the DLHM setup. Furthermore, the NA and the source-to-
sample distance limit the FOV for visualizing samples in DLHM. This chapter presents a
characterization method for the reliable measurement of the NA and a method for the
extension of the FOV for DLHM. Ultimately, the integration of both developments leads to
a cost-effective microscope with improved capabilities and without increased cost.

3.1 Numerical Aperture measurement

The search for alternatives to pinhole-based illumination has led to the fabrication of point
sources, such as optical fiber cone tips or holographic point sources, requiring the grading
of their NA value. This search has also resulted in the use of low-cost elements, such as
aspheric or diffractive-refractive lenses, with low-reliable graded values of NA. Because the
performance of DLHM is strongly supported in the NA of the illuminating light source, a

reliable characterization of the NA of their produced propagating light beams is needed.

The closest theoretical model for the experimental illumination sources is the Gaussian

beam approach [15]. As the intensity distribution I(x, y, z) is centered at (x,, y,) coordinates

a Gaussian beam profile is expressed as:

(x —x0)* + (7 = y0)* (3.1)
w?(2) '

where A, is the amplitude of the intensity distribution in the position (x,v,), and w is the

I(x,y,z) = Agexp|—

beam width at z distance from the beam waist [59].
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In the presented method, the intensity distribution of the illumination source is recorded
over two positions separated a distance Az across the optical axis as is shown in Fig. 3-1.
Using this figure, a geometrical analysis leads to an expression for the divergence angle 6

as:

6 = arctan (i‘—j). (3.2)

Fig. 3-1. Divergence of a Gaussian beam.

Both recorded intensity distributions, such as the one shown in Fig. 3-2 panel (a) for the
illumination produced by a SM600 optical fiber, are fitted to a bidimensional Gaussian
distribution by the Levenberg-Marquardt non-linear algorithm [60], such as the one shown
in Fig. 3-2 panel (b). In panels (c) and (d), the intensity profiles along the x, and y, axis are
presented to illustrate the comparison between the recorded and fitted distributions. From
these fitted Gaussian distributions for both recordings, the standard deviations ¢; and o,

are determined.
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1.0

(c) [=] Recorded
[=] Fitted

(d)

0.0 1.0
Fig. 3-2. Intensity distribution for a propagating Gaussian light beam produced by a

SM600 optical fiber. (a) Normalized recorded intensity. (b) Numerical estimation of the
Gaussian beam distribution of panel (a). Panels (c) and (d) are the intensity profiles for

the recorded and fitted distributions along x, and y,, respectively.

As the beam width can be expressed as w(z) = 20(z) [26], equations (1.7) and (3.2) can
be used to rewrite an expression for the NA of a Gaussian intensity distribution as it is

propagated over a distance Az as:

24
NA = nsin [arctan (—0>] (3-3)
Az

To summarize, the direct illumination of a digital camera is recorded for two positions
displaced a distance 4z. The minimization by the Levenberg-Marquardt non-linear
algorithm is performed over the recorded illumination distributions by fitting them to a
Gaussian profile distribution. From the Gaussian distributions, the standard deviations
o.and g, are determined and subtracted to find 4¢. Finally, using the values of Az and 4a,
and the refractive index of the medium where the beam is propagated, are used to

determine the NA of the illumination source utilizing equation (3.3).

The performance of the proposed method was tested on numerically modeled light beams,
which yielded a R-square factor of 0.99. And also was validated by experimentally
characterizing graded illumination sources. Using the method, the illumination of a
calibrated aspherical lens C105TMD-A with a graded NA of 0.6 was characterized, resulting

in a NA of 0.587+0.044 was the reported value, indicating a 2.16% error percentage
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compared with the reported value by the manufacturer. And also, the output illumination
cone for two optical fibers were characterized. For a SM600 optical fiber with a reported
range of NA between 0.07 and 0.11, the characterized NA was 0.082+0.011; and for a
SM450 with a reported range of NA between 0.08 and 0.12, the characterized NA value
using the method was 0.083+0.011. Both illumination cones of the optical fibers were in the
graded ranges indicated by the manufacturer. These results demonstrate the effectiveness
of this method in accurately measuring the NA of propagating Gaussian light beams,
supporting its application in the characterization of illumination light sources in DLHM.

The theoretical analysis, implementation, and testing of this method was reported in the
following manuscript, attached at the end of this text:
N “Automatic method to measure the numerical aperture of a propagating

Gaussian light beam”, Optica Pura y Aplicada 55, 1-8 (2022) [26].

Additionally, this work was presented in the following conference:
“Método automatico para la medicién de la apertura numérica de haces de
,—_I luz Gaussianos”, XVII Encuentro nacional de Optica y XIIl Conferencia
<. Andina y del Caribe en Optica y sus aplicaciones, Medellin Colombia,
2021 [28]

3.2 Expanding of the field of view for DLHM

The FOV is a fundamental parameter in visualizing both biological and non-biological
specimens for DLHM, indicating the maxima imaging covered area. Fig. 3-3 shows the
variation of the FOV depending on the source-to-sample distance z for different values of
NA according to equation (1.11). It is clear from this plot that the closer the sample is to the
point source, the smaller the FOV of the visualized sample. This leads to a greater

magnification of the diffraction pattern, ensuring correct sampling on the digital sensor.
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Fig. 3-3. Behavior of the FOV as the source-to-sample distance z is varied for different

NA values.

Visualizing biosamples, such as red blood or epithelial cells, requires a smear
preparation [9]. For those specimens, a larger FOV is preferred, given that the larger the
FOV, the more cells of the smear can be visualized. The increase of the FOV implies an
increase in the source-to-sample distance, jeopardizing the correct sampling of the higher
frequencies of the diffracted pattern; this condition demands the search for a method to

enlarge the FOV with no decrease of the sampling capabilities of the recording system.

In the literature, there is a method to expand the FOV in DLHM, that by means of a digital
micromirror device (DMD), displaces the point source over its plane to illuminate the sample
from different directions [17]. One way to simplify this method is to use x-y micrometer
screws instead of the DMD to displace the point source over its plane; in all cases, these
approaches require additional elements in the point source setup, resulting in a more

complex and bulkier optical setup.

A simpler approach that no requires additional components can be made by displacing the
sample over its plane a distance of d,. using a conventional microscope stage, as illustrated

in Fig. 3-4 (a). This movement generates a displaced projection of the diffraction pattern
over the recording plane according to the magnification relation D, = %, as shown in the

recorded holograms in Fig. 3-4 (b). As explained in the previous chapter, a digital
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computation of the NCC is used to determine the displacement D,.. In order to apply the
NCC, an overlap region S; is needed between the recordings, where a template can be
defined as is shown in Fig. 3-4 (c).

(a) . G

Fig. 3-4. Displacement of the sample in panel (a). Comparison between the recorded
holograms in panel (b), and their overlapping region in panel (c).

A set of in-line holograms is recorded while the sample is displaced over its plane, as was
previously presented. A new composite hologram with an extended field of view is produced
by coordinately superimposing the recorded in-line holograms by accounting the estimated
displacements. The same process is repeated for the reference to generate a composite
reference. However, due to the non-uniformed background in the compaosition, a contrast
hologram is generated to eliminate undesired edges in the composite hologram. Barton's
method [22] and its modification [18] also overcome the lack of homogeneity of the

background and can be performed.

The illustration of the proposed method for expanding the FOV was tested with holograms
recorded in a DLHM microscope built with an aspherical lens of NA = 0.6 illuminated with
a 405 nm plane wave. The resulting point source at its focal point illuminates a reticle
calibration test placed at 0.69 mm from the point source. A digital camera with 2048x2048
square pixels of 3.8 ym in side length records the in-line holograms; the center of the
camera is 18.96 mm away from the said source. In the reconstruction stage, the modified

Barton method [18] was applied over the respective holograms to avoid inhomogeneities
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illumination wavefront. Fig. 3-5 (a) shows the reconstruction of a single hologram recorded
with the built microscope achieving a FOV of 0.08 mm?2. Fig. 3-5 (b) shows the
reconstruction of the hologram composed by 9 single holograms with an overlap of S; =
1100 pixels of length measured in the recording plane and achieving a FOV of 0.287 mm?.
After applying the proposed method, the FOV enlargement is 258%; see the outer area

beyond the dashed-red square in Fig. 3-5 (b).

Fig. 3-5. Visualization of a calibration test target. Panel (a) is the reconstruction of the
central recorded in-line hologram and panel (b) is the reconstruction of the composite

hologram generated with the proposed method for expanding the FOV.

3.3 The most cost-effective DLHM

Microscopy visualization of samples is commonly related with biological applications.
Studies of micrometer-sized biosamples are presented at all educational and professional
levels. Since the first approach of the cell structure in basic education, through the detection
of diseases, and finishing in research application, for all those possible applications,
microscopes are a fundamental tool. However, for all those levels, the access to
microscopic technologies is limited to the well-funded laboratories, universities and schools
given the expensive cost of optical elements and labels. Nevertheless, access to
microscopy technologies is restricted to well-funded laboratories, universities, and schools
due to the expensive cost of optical elements and labels. Consequently, it is imperative to
explore the possibility of acquiring cost-effective microscopes that offer high performance

for visualizing micrometer-sized biosamples. Increasing access to microscopy equipment



3. Improvements in the Numerical Aperture and FOV of DLHM 33

can facilitate the development of new hands-on approaches for educational purposes,
enhance disease detection and diagnostics for medical centers with limited funding, among
other benefits.

As presented before, DLHM is a simple holographic technique that only requires a point
source of spherical waves and a digital camera to work. This simplicity in the hardware has
allowed for the development of cost-effective microscopes that use DLHM technology. The
Optics and Opto-Digital Processing Research Group (ODP) recently developed the most
cost-effective holographic microscope to date in 2021, costing approximately US$53 [2].
The hardware consists of a plug-and-play aspheric lens with a graded NA of 0.6 (US$4.70),
integrated with a 650 nm laser diode of 5SmW (US$1.33) to generate the spherical wavefront
illumination, and for the recording of holograms, a surveillance camera with 2592x1944
square pixels of 2.2 um in size (US$43.40). The microscope is supported on a 3D-printed
body and commercial screws and nuts, including the displacer for the system alignment

and the sample stage (US$2.6).

When a microscope is designed, it is crucial to accurately characterize the optical elements
used in the setup. The two main parameters that determine the microscope setup are the
size of the digital sensor and the NA of the illumination. The digital sensor size is determined
by the commercial sensor, which in this case is (5.7 x 4.2) mm. And the NA of the
illumination of the low-cost aspheric lens was validated by the proposed method to measure
the NA with a value of 0.578.

This microscope was presented in the following conference and its proceeding is attached
at the end of this text:
“Cost-effective digital lensless holographic microscope,” in OSA Imaging and
= Applied Optics Congress (Online), Washington DC United States, 2021 [29].
As can be identified, the most expensive cost for building this microscope is the digital
camera. The market offers commercial sensors with a lower cost, such as the Raspberry
Pi Camera V1 (RaspiCam) for an amount of $US2.83 with the same format of (2592 x 1944)
square pixels but a reduced sensor size of (3.62 x 2.72) mm. As it was presented in the

former subsection, a reduction in the sensor size leads to a reduction in the performance
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of the system for visualized microscopic samples. In that regard, the proposed method for
expanding the FOV in DLHM was used to test the feasibility of replacing bigger digital
sensors with a sensor with smaller sizes without implying a reduction in the optical

performance of the DLHM microscope.

The proof of concept was validated by the imaging of a phase USAF test target [50] utilizing
a research camera DMM 37UX250-ML (TISCam) with a sensor size of (8.44 x 7.06) mm
with a format of (2448 x 2048) square pixels. The setup where the expanding method was
presented in section 3.2 was utilized for this validation. In Fig. 3-6, the numerically
reconstructed images of the USAF test target are shown. Panel (a) shows the direct
reconstruction of the recorded hologram using TISCam with a FOV of 0.286 mm?. Panel
(b) shows the reconstruction of the central single hologram with a FOV of 0.051mm?2. And
panel (c) shows the reconstruction of the composite hologram, with the same FOV of panel
(a), resulting from applying the method for extending the FOV with 9 holograms for the
composition. Those latter reconstructions were recorded using RaspiCam. After applying
the proposed method, the FOV enlargement is 460%; see the outer area beyond the
dashed-blue square in Fig. 3-6 (c). For TISCam, element 3 of group 8 is visualized, implying

an achieved resolution of 1.55 pm, while element 1 of group 8 is visualized for RaspiCam

achieving a resolution of 1.95 pym.

Fig. 3-6. Comparison between the phase reconstruction of an USAF test target. Panel (a)
shows the reconstruction of an in-line hologram that was recorded using TISCam. Panel
(b) shows the reconstruction of an in-line hologram recorded using RaspiCam. Panel (c)
shows the reconstruction of a composite hologram that was recorded using RaspiCam
and was composed by the proposed method.
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The difference between the achieved resolution for the reconstruction of the TISCam
hologram and the reconstruction of the composite hologram was 0.5um. The proposed
method for expanding the FOV using holograms recorded with the RaspiCam yields
comparable results to those achieved by recording the information using the TISCam. The
decrease in the cost of the digital camera, in conjunction with the application of the
expansion of the FOV method, will take further the development of super low-cost

microscopes without sacrificing the performance of the reported microscopy systems.






4.0vercoming the presence of illumination
artifacts

As was presented in section 1.2.2, the presence of artifacts inhered from the illumination
source reduces the quality of the visualized microscopic images. The reported methods to
overcome inhomogeneities in the illumination for DLHM only work for some of the
illumination or reflective artifacts presented in the hologram recording stage of DLHM. In
this chapter, the Multiview Correlation Method introduced in Chapter 2 is utilized to
overcome the presence of any artifact inherent to the illumination source, including the

reflective artifacts just said.

In the correction of the illumination artifacts approach, the set of recorded in-line DLHM
holograms, needed for the application of the Multiview Correlation Method, contains two
information, the sample information Is(x,y) displaced over the FOV and the static

illumination artifacts A(x, y). Knowing that, equation (2.2) can be rewritten as:

H;(x,y) = Is(x — Ax;, y — Ay)A(x, ). (4.1)
The chosen template for applying the Multiview Correlation Method must include the
information of the sample and appears in all the in-line holograms of the set. In the
application of the proposed method, the sample information is conserved while the artifacts

information is displaced as it is indicated in the composition equation:

N
Heomp (6¥) = Is(6,) )" AGe+ by y + Ay 4.2)
l=

Finally, the coordinated addition of in-line DLHM holograms presented in the above
summation, turns the information about the artifacts into a homogeneous distribution

preserving only the sample information:

HComp(x:.V) =~ Is(x,y). (4.3)
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The effectiveness of this method for correcting the artifacts inherited from the illumination
has been illustrated utilizing one of the seminal Gabor’s holograms [61]. A strong artifact in
the illumination source has been simulated by intentionally adding a black spot to the in-
line hologram, as illustrated in Fig. 4-1 (a) and (b). The ruining effect of the illumination
artifact moves around the recorded intensity simulating the sample displacement, given that
the relative displacements can be associated with the information of the sample or the
illumination, as can be seen in equations (4.1) and (4.2). This strong artifact removes
valuable information from the in-line hologram that must be somehow recovered. The
reconstruction of the in-line hologram in panel (b), shown in panel (c), presents a loss in
the quality of the recovered information produced by the simulated perturbation in the

illumination.

/ol
-
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b

" =11
Fig. 4-1. Two simulated corrupted Gabor’s in-line holograms in panels (a) and (b). The

reconstruction of panel (b) is shown in panel (c).

The composition was performed using the 16 disturbed holograms showed in Fig. 4-2 panel
(a). Inthe composition, the information about the perturbation is added with different relative
displacements, and progressively its summations tend to a constant value representing a
homogeneous background in the corrected in-line hologram. In Fig. 4-2 panels (b) and (c),
the corrected in-line hologram H¢,my, (x, y) and its corresponding numerical reconstruction
are shown, respectively. In the case of this simulation, the application of the proposed

method produces a corrected hologram that tends to the original seminal Gabor’s hologram.
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Fig. 4-2. The set of simulated perturbed holograms is shown in panel (a). The corrected
Gabor’s in-line hologram and its corresponding reconstruction are shown in panels (b)

and (c), respectively.

As was presented in section 1.2.2, the diffractive-refractive lenses create a highly
contrasted ring-like structure over the illumination wavefront, causing a strong
inhomogeneity in the illumination. Up to the best knowledge of the author, these ring-like
structures are the most challenging illumination artifacts in DLHM, making it a suitable test
for evaluating the effectiveness of the correction method. To test the proposed method, a
Blue-ray optical pick-up unit (OPU), with its integrated diffractive-refractive lens with 0.85
of NA, was utilized to generate a point source with the mentioned strong illumination
artifacts. The 405 nm laser of the OPU was used to illuminate a digital camera with (4640
x 3506) square pixels of 3.8 um in side, which was located at 22.40 mm away from the said

source. The RMS contrast

Crms = N ]
i=1 Wi

1w~ (- Lw?
Z w, L L7 (4.4)
, Lu?

=1

was evaluated to determine the number N of needed in-line DLHM holograms to compose and the
displacements between them to recover the ruined information due to the ring-like structure. The
RMS contrast was measured over the circular region of interest (ROI) of radius p = 500 pixels, and

center (x.,y.) of the reference recorded showed in Fig. 4-3 panel (a). In equation (4.4), w; =

0.5 {cos E\/ O —x)%+ (i — yc)z] + 1} is the weight of a raised cosine windowing function, ;

is the luminance at the pixel (x;,y;), Lu = > w;l; is the local weighted luminance at the

_r
Zli3=1wi
circular ROI, and P is the number of pixels within it; further information about this RMS contrast
measurement can be found in reference [62]. The reduction in the RMS contrast was evaluated as

the number of recorded holograms and the distance between them varied. Six neighborhood
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layouts were evaluated to choose the suitable layout and the displacement value d between the
holograms in the recording plane, as shown in panel (b) of Fig. 4-3. The selected neighborhood
layout determines the N scanned images; N = 9 for first neighbors (NBHD 1), N = 25 for second
neighbors (NBHD 2), N = 49 for third neighbors (NBHD 3), N = 17 for A neighbors (NBHD A),
N = 17 for B neighbors (NBHD B), and N = 15 for C neighbors (NBHD C).
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Fig. 4-3. Panel (a) shows the region of interest where the contrast is measured. Panel (b)
is an illustration of the six neighborhood layouts evaluated. The evolution of the RMS
contrast as the distance between the recorded holograms is varied, for each
neighborhood layout, is shown in panel (c).

The behavior of the RMS contrast in the selected ROI is shown in panel (c) of Fig. 4-3. This
figure shows the decay in contrast for various neighborhood layouts and the distance
between the recorded holograms. NBHD 3 shows the most significant RMS contrast decay,
using 49 recorded holograms for the composition. As the difference of the contrast decay
between NBHD 2 and 3 is not very relevant, can be chosen NBHD 2 because in this way
the number of needed images is reduced to 25. Over the plot for the NBHD 2, dashed-red
line in panel (c) Fig. 4-3, can be read that a distance around 80 pixels between the
holograms in the recording plane, leads to the best reduction of the contrast of the ring-like

structed that ruins the reconstructed images.
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The USAF test target [50] presented in Section 1.2.2 to illustrate the artifacts limitations in
DLHM, was located at 0.25 mm from the source of the built microscope. A x-y translation
stage with standard micrometer screws was used to record the 25 holograms with
displacements of 80 pixels measured in the digital camera plane, as was determined by the
previous RMS contrast evaluation. The reconstruction of the contrast hologram is shown in
Fig. 4-4 (a); the ring-like structures ruin the reconstructed image, hiding important details of
the imaged sample, as was previously presented in Section 1.2.2. Panel (b) shows the
direct reconstruction of the composite hologram resulting from the composition of 25
holograms 80 pixels apart. The improvement of the reconstructed image is observed, as
group 7 is fully visible, and group 8 is also partially observable. Further improvement can
be reached as the modified Barton’s method [18] is applied to the composed hologram. The
outermost details of the target become visible, and an improvement of the contrast is
reached, as is seen in panel (c). A zoom-in of the area inside of the red dashed-line square
in panel (c) is presented in panel (d), where group 8 becomes visible, indicating the

effectiveness of the proposed method.
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Fig. 4-4. Comparison of the direct reconstruction from the contrast hologram in panel (a),
the proposed method in panel (b), and the proposed method in conjunction with the
modified Barton’s method in panel (c). Panel (d) shows a zoom-in of the area inside of the

red dashed-line square, highlighting groups 8 and 9.

In the same microscope, a section of the head of a drosophila melanogaster fly, with internal

complex structure, was utilized as sample. The recorded in-line hologram is shown in panel
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(a) of Fig. 4-5. The presence of the strong ring-like structure of the illuminating wavefront is
clearly visible in the in-line hologram. The net effect of this perturbation is also evident in
the reconstructed image in panel (c) and the corresponding zoomed-in area in panel (e).
The application of the proposed method leads to the composite hologram shown in panel
(b). The effectiveness of the composition is apparent in the erasing of the strong ring-like
structure; the composite hologram presents a remaining ripple structure that does not
perturb the area that contains the information of the sample. These facts become visible in
the reconstructed image shown in panel (d). The ring-like structure that can be observed in
panel (c) is no longer present in the reconstruction of the composite hologram, as it is
highlighted in the zoomed-in area presented in panel (f). In contrasting panels (e) and (f),
the effectiveness of the proposed method is even more notorious for eliminating the

illumination artifacts in the holograms and, therefore, in the corresponding reconstructions.

100 pm

Fig. 4-5. Section of the head of a drosophila melanogaster fly imaged in DLHM. Panel (a)
is the recorded in-line hologram and panel (b) the hologram generated with the proposed
method. Panel (c)/(d) shows the reconstruction of the hologram in panel (a)/(b). Panel

(e)/(f) shows the zoomed-in image of the yellow-dashed rectangle area in panel (c)/(d).
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Finally, to overcome the artifacts produced by reflections of the illumination presented in
Section 1.2.2, a regular pinhole-based illumination DLHM was built. The illuminating point
source was made with a collimated laser with a wavelength of 532 nm focused on an 8 pm
diameter pinhole. Panel (a) of Fig. 4-6 shows the reconstruction of the tip of an imaged
acupuncture needle, where the ring-like structure is evident all over the surface of the
reconstructed object. The application of the method presented in this section is shown in
panel (b), where the ring-like structure is eliminated from the sample surface. And finally, a
100 um circle from a calibration microscopy slide was imaged to show the effectiveness of
this method for eliminating reflective artifacts. As was presented before in Section 1.2.2, a
close distance between the pinhole and the sample slide produces reflective artifacts that
affect the quality of the reconstructed image of the sample. Panel (c) of Fig. 4-6 shows the
direct contrast hologram reconstruction of the microscopy calibration circle where the
undesired reflective artifact can be seen. In contrast, panel (d) of the same figure presents
the reconstruction after applying the proposed method, where it can be observed that the
reflective artifact is eliminated. Clearly, the proposed method effectively reduces
illumination and reflective artifacts, leading to an improved reconstruction with no effects of
the artifacts over the visualized images.

Ring-like
structure

Reflective
artifact

Fig. 4-6. Panel (a)/(b) is the reconstruction of the tip of an acupuncture needle
without/with the application of proposed method. Panel (c)/(d) is the reconstruction of a
100 um circle from a calibration microscopy slide without/with the application of proposed

method.
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This method was reported in the following paper, attached at the end of this text:
"Image enhancement and field of view enlargement in digital lensless
holographic microscopy by multi-shot imaging," J. Opt. Soc. Am. A 40, C150-
C156 (2023) [27].
and was presented in the following conference:
“Improvement of the image reconstruction in digital lensless holographic
,j microscopy by scanning of the sample plane," in Latin America Optics and
<. Photonics (LAOP) Conference 2022, Technical Digest Series (Optica
Publishing Group, 2022), paper W1D.2. [30]
The proceeding of this presentation is attached at the end of this text. Additionally, the
improvement in the use of the OPU as a point source of spherical waves for DLHM was
presented in the following conference, where was awarded with the third-place poster
presentation. The submitted abstract is attached at the end of this text.
“Removal of perturbations from Optical-Pickup-Unit-based illumination for
Digital Lensless Holographic Microscopy”, Xl Iberoamerican Optics Meeting /
‘,'j XIV Latin American Meeting on Optics, Lasers and Applications (RIAO-
OPTILAS), San José, Costa Rica, 2023 [31]. Awarded with the Third Place

in Poster presentation.



5.Recovery of sample information in
presence of occlusions

In DLHM, as in any imaging technique, the presence of occlusions implies a distortion of
the visualized images. During the hologram recording stage, in the case of two occluded
objects, the spherical wavefront, produced by the point source, illuminates the first object
closer to it producing a propagated diffracted pattern. This pattern then illuminates the
second object in the line of sight which produces a second diffraction pattern that is
recorded in the digital sensor. If the objects are structured samples, the recorded hologram
with the superposed information of the occluded objects results in a distorted reconstruction
for both objects, as was introduced in Section 1.2.3. In this chapter, the Multiview
Correlation Method introduced in Chapter 2 is utilized to recover separately the information
of occluded objects in DLHM. For simplicity, the analysis is done for two occluded samples,
but as can be seen later in this chapter, the process can be applied to a further number of

samples, if necessary.

Two samples located at z; and z, distances from the point source are used to prove the

feasibility of the proposed method. The magnification for both samples are M; = Zi and
1

M, = - iAZ with Az = z, — z,, respectively. Therefore, the closest the sample to the point
1

source, the larger the magnification of the diffraction pattern in the sensor plane, as is
shown in Fig. 5-1 panel (a). If the real size of both samples is h, the patterns size at the

recording plane are H; = M, h and H, = M,h, respectively.
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Fig. 5-1. Magnification at the sensor plane of two axially separated samples. Panels (a)

and (b) show two lateral positions of the sample volume.

When the sample volume is lateral displaced a Ah distance, the magnified diffraction
patterns of the different samples are proportionally displaced according to the
corresponded magnification for each sample plane, resulting in different relative
displacements AH; = M;Ah and AH, = M,h, respectively. While z; # z,, the displacements
of the samples information over the sensor plane will be different. Comparing panels (a)
and (b) of Fig. 5-1, it can be observed that the larger the distance z from the point source,
the smaller the displacement of the diffraction pattern in the sensor plane.

According with the previous idea, if a set of in-line holograms recorded while a volume
sample is displaced over its plane, different relative displacements for the diffraction pattern
of the occluded samples can be observed. As a result, the information of each hologram in

the set is rewritten following equation (2.2) as:

HiGey) = Is, (x = s,y — Ay, Vs, (2= Bxs,, v = By, ), (6.1)
where I (x,y) is the diffraction pattern of the occluded sample 1 displaced (8xs, , Ays, ;)
over the recording plane. The same applies to I, (x,y) for sample 2.

To illustrate the application of the proposed method, the occluded USAF test target [50]
and epithelial cheek cells presented in Section 1.2.3 were imaged using a DLHM setup. A
532 nm laser was focused on a 1 um pinhole as the illumination source. The in-line
holograms were recorded using a digital camera with (2048 x 2048) square pixels of 3.45
pum in side, located at L = 18.4 mm from the point source. Fig. 5-2 panel (a) shows the
recorded fixed hologram used in the Multiview Correlation Method, and one of the recorded
displaced holograms of the set, in panel (b), for the visualization of the USAF test target
and the epithelial cheek cells. The template for the application of the Multiview Correlation

Method is chosen for the sample from which the occlusion wants to be removed; for
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instance, if the USAF test target wants to be visualized, the purple rectangle should be
chosen as the template of Fig. 5-2 (a), otherwise, if the sample of interest are the epithelial
cheek cells the red rectangle should be the chosen template in the same figure.

VTusa

- ae #%
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Fixed in-line Displaced in-line b
hologram hologram ( )

Fig. 5-2. The fixed recorded in-line hologram (a) and one displaced recorded in-line
hologram (b) for the occlusion of a USAF test target and epithelial cheek cells.

As the relative displacements for both samples are different, a set of displaced in-line
holograms can be recorded to apply the Multiview Correlation Method to remove the
occlusions. If sample 1 was selected to eliminate the occlusion, its relative displacements,
Axg, ; and Ayg, ., are determined to compose a new hologram by the coordinated addition
of the in-line holograms of the set. In this composition, the information about sample 1 is
conserved while the information about sample 2 is displaced, as is indicated in the

composition equation as

Heomps, (X, ¥) = Is,(x,y) 21;1152 (x - Axs,, +Axg, , ¥ — Ays,, (5.2)
+Ays, )
In this equation, sample 1 was selected to eliminate the occlusion, and given that Ax;, ;, #
Axs,, and Ays . # Ays,,, the displaced information about sample 2 turns into a

homogeneous distribution preserving only the information of sample 1 and removing the

occlusion. Equation (5.2) is therefore rewritten as

HCompS1 (x,y) = 151 (x, ). (5.3)
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To remove the occlusions of sample 2, the same procedure should be followed to determine

the relative displacements Axg,, and Ays,, for the set of in-line holograms, and the

composition equation is written as

N
Heomps, (x,y) = I, (x,y) Z 1151 (x - AX51,i + AXSz,i’y - Aysl,i (5.4)
i=
+Ays, ) =~ Is,(x,y).

The occlusion removed holograms for the USAF test target, and the epithelial cheek cells
are shown in Fig. 5-3. The diffraction pattern of each sample is observed separately for
each in-line hologram, anticipating that the occlusions are no longer be presented in their

reconstructions.

Composed in-line
hologram for USAF

Composed in-line hologram
for epithelial cheek cells

Fig. 5-3. The composite in-line holograms for the USAF test target (a) and the epithelial
cheek cells (b) without the presence of occlusions.

In Fig. 5-4 panels (a) and (c), the reconstruction of the in-line and composite holograms
from Fig. 5-2(a) and Fig. 5-3 (a) are shown, respectively. For both panels, the reconstruction
distance was z; = 1.70mm, to get in focus the USAF test target image. In panel (a), the
presence of the occlusion shows the out-of-focus information that ruins the information
about the USAF test target, making it difficult to visualize clearly. In contrast, the application
of the Multiview Correlation Method produces a clear reconstruction without the presence
of information on out-of-focus planes, as is shown in panel (c). In Fig. 5-4 panels (b) and
(d), the reconstruction of the in-line and composite holograms from Fig. 5-2(a) and Fig. 5-3

(b) are shown, respectively. For this case, the epithelial cheek cells were in focus at a
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distance z, = 1.29mm from the point source. The comparison between those panels
highlights the performance of the proposed method to remove the occlusion. The nuclei of
the epithelial cheek cells are clearly visible in Fig. 5-4 (d) as purplish dots, and three of
them are pointed out by arrows. This method also allows for an enlargement of the FOV by
gathering information from multiple views of the sample volume, resulting in an enlargement
of approximately 50% for this experiment, as is observed when the FOV of the
reconstruction of the single hologram in panel (a)/(b) is compared with the reconstruction
of the composite hologram in panel (c)/(d).

Fig. 5-4. Panel (a)/(b) shows the phase reconstruction of the fixed hologram for the USAF
test target/epithelial cheek cells plane. In panel (c)/(d), the reconstruction of the

composite hologram without occlusions is shown.

To validate the method for recovering the information of more than two samples axially separated,
a 4 planes volume sample of epithelial cheek cells was imaged. The same pinhole-based setup
and digital camera were utilized. The in-line DLHM holograms were recorded at L=18.4 mm,
subtending a NA=0.19 for the optical setup. In Fig. 5-5 one single in-line hologram of the set is
shown.
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1 mm

Fig. 5-5. Single in-line DLHM hologram of the occluded epithelial cheek cells volume
sample.

Due to the existence of multiple sample planes, when the reconstruction procedure is
performed, the information of the samples cannot be focused. The out-in-focus information
generates a strong perturbation over the reconstructed complex-valued wavefield, limiting
the identification of the focus planes. The composite holograms of the 4 sample planes,
resulting from the application of the Multiview Correlation Method for removing the
occlusions, are presented in Fig. 5-6 panels (a), (b), (c), and (d). In those composite
holograms, the information of each plane of interest is preserved while the information of
the out-of-focus planes is blurred. In panels (e), (f), (g) and (h) of Fig. 5-6, the reconstruction
for the composite holograms at z; = 1.84 mm, z, = 2.09 mm, z; = 2.62mm, and z, =
2.98 mm to get in focus the 4 different planes of the epithelial cheek cells, are shown
respectively. In those images, it is clear to identify the epithelial cheek cells of each axial
separated plane at its corresponding z distance, while the out-of-focus information is
blurred. Additionally, it is noted that the larger the axial distance between planes, the blurrier
the information appears in the reconstructed plane. To illustrate the improvement of the
method for the occlusion removal and the identification of the focus plane, the
reconstructions of the in-line hologram presented in Fig. 5-5 for each determined z distance
are shown in panels (i), (j), (k) and (l), respectively. It is clear that the occlusion generated
by the presence of epithelial cheek cells in different axial locations made it impossible to
identify the interest samples in the focus planes. However, the method enables removing

the occlusions and proper visualizing the epithelial cheek cells in each plane.
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Fig. 5-6. Epithelial cheek cells multiplane (volumetric) sample. Panels (a), (b), (c), and (d)
show the composite holograms of 4 sample planes of epithelial cheek cells. Panels (e),
(M, (9), and (h) show the phase reconstructions of the mentioned composite holograms to
get in-focus the four different planes of cells, respectively. Panels (i), (j), (k), and () show
the reconstruction of the in-line hologram presented in Fig. 5-5 at the determined z

distances for reconstructing the cells in panels (e), (), (g), and (h), respectively.

The proposed method for recovery the information of occluded objects in DLHM was
presented in the following conference and its submitted abstract is attached at the end of
this text:

“Recovery of occluded objects in digital lensless holographic
microscopy”, XI Iberoamerican Optics Meeting / XIV Latin American Meeting
on Optics, Lasers and Applications (RIAO-OPTILAS), San José, Costa Rica,

2023 [31]

P2



6.Conclusions

6.1 Conclusions

The main results of obtained in this Master thesis in Engineering Physics can be

summarized as follows:

A method for measuring the Numerical Aperture (NA) of Gaussian propagating light beams
was reported. For the application of this method, two intensities distributions are recorded
for two positions axially separate 4z; for each distribution, a bidimensional Gaussian fitting,
using the Levenberg-Marquardt algorithm, is computed to determine their respective
standard deviation of the Gaussian distributions. By taking the difference in the standard
deviations and A4z, the NA can be calculated using a simple expression derived from
Gaussian propagating beam theory. This method is useful for characterizing newly
fabricated point sources, such as optical fiber cone tips or holographic point sources, as

well as validating the NA of graded optical elements for it use in DLHM.

The feasibility of expanding the field of view (FOV) in DLHM without affecting the correct
sampling of the diffracted information in the recorded hologram was presented. This method
is based on the superposition of in-line holograms with different views of the sample to
generate an expanded FOV in the reconstructed image. Moreover, giving the possibility of
using low-cost sensors with a reduced size and reproducing the capabilities of a larger

sensor without that implies a significant cost in the performance of the technique.

A method for correcting DLHM in-line holograms, called Multiview Correlation Method, was
presented. In this method, the diffracted information of the sample is recorded in different
positions of the FOV. A coordinated addition of the in-line holograms is performed

considering the relative displacement between holograms, determined by the computation
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of the normalized cross-correlation (NCC). And finally, after normalizing, a corrected
composite hologram is obtained.

To correct artifacts caused by the illumination source in DLHM, the Multiview Correlation
Method was utilized. When artifacts are present in the illumination, they affect the
information in the recorded hologram, resulting in perturbed information of the visualized
sample. The application of the proposed method eliminates the presence of the artifacts by
generating a composite hologram without the presence of illumination artifacts, producing

a reconstruction free of those artifacts.

And finally, this method was utilized to recover the information of occluded objects in DLHM.
As the diffraction pattern of the specimen in a volume sample is recorded in an in-line
hologram, multiple objects in the same line of sight produce a merged coded information of
those objects. Consequently, when an object is focused, the out-of-focus information
distorts the reconstructed sample to the point that, in some cases is impossible to identify
the focus plane of the sample. The Multiview Correlation Method was utilized to separate
the information of the occluded objects in different holograms for each focus plane.

The proposed methods in this master's thesis present an improvement in the visualization
of biosamples compared with the conventional DLHM visualization. Still, their application
implies recording a set of displaced holograms, limiting their application to static samples.
Additionally, the proposed compositions increase the computational cost and the
processing time of the holograms comparted to the conventional method. Despite those
limitations, the results presented in this master’s thesis evidence the achievement of the
proposed objectives, overcoming different limitations evaluated in DLHM. The effectiveness
of the former was confirmed by comparing the use of the proposed methods with
conventional DLHM imaging. These methods were evaluated for the visualization of

biosamples to show their feasibility in bioimaging applications.

6.2 Future work perspectives

The results achieved in this Master thesis in Engineering Physics have made significant
progress in the overcoming limitations of DLHM for the visualization of biosamples, and

also pointed towards the following research that can be further developed:
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The method for measuring the NA could be integrated into a tool for the existing suit
for ImageJ developed by the Optics and Opto-digital Processing Research Group
(ODP).

The method for expanding the FOV could be incorporated into the existing DLHM
plugin, and taking advantage of the capabilities that offer the Micromanager
extension of ImageJ, the integration of motorized displacers for the sample stages
should turn this method into a fully automated. This could be considered for a
master’s thesis.

As was presented in chapter 3, the method for expanding the FOV invites to the
development of a more cost-effective digital lensless holographic microscope than
the currently reported in the literature.

For overcoming the limitation of visualizing only static samples for applying the
Multiview Correlation Method, the use of an illumination array for recording the set
of displaced holograms could be explored.

The Multiview Correlation Method, for its capabilities in correcting DLHM in-line
holograms for illumination artifacts and occluded samples, should be integrated into

a plugin for the existing suite of tools developed by the ODP.



A. Appendix: Attached manuscripts

Below are attached the two published manuscripts resulting from the presented master’'s
thesis. They are presented in the format in which each was submitted to the corresponding
journal, and ordered by their mention in the main text; namely:
Chapter 3: Improvements in the Numerical Aperture and FOV.
- “Automatic method to measure the numerical aperture of a propagating Gaussian
light beam”, Optica Pura y Aplicada 55, 1-8 (2022) [26].

Chapter 4. Overcoming the presence of illumination artifacts.

“Image enhancement and field of view enlargement in digital lensless holographic
microscopy by multi-shot imaging,” J. Opt. Soc. Am. A 40, C150-C156 (2023) [27].

Additionally, the mentioned proceedings and submitted abstracts of the presented results

in international conferences are also attached:

Chapter 3: Improvements in the Numerical Aperture and FOV.
“Método automatico para la medicion de la apertura numérica de haces de luz
Gaussianos”, XVII Encuentro nacional de Optica y XIll Conferencia Andina y del
Caribe en Optica y sus aplicaciones, Medellin Colombia, 2021 [28].
- “Cost-effective digital lensless holographic microscope,” in OSA Imaging and
Applied Optics Congress (Online), Washington DC United States, 2021 [29].

Chapter 4: Overcoming the presence of illumination artifacts.

“Improvement of the image reconstruction in digital lensless holographic microscopy
by scanning of the sample plane," in Latin America Optics and Photonics (LAOP)
Conference 2022, Technical Digest Series (Optica Publishing Group, 2022), paper
W1D.2. [30].

- “Removal of perturbations from Optical-Pickup-Unit-based illumination for Digital

Lensless Holographic Microscopy”, Xl Iberoamerican Optics Meeting / XIV Latin
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American Meeting on Optics, Lasers and Applications (RIAO-OPTILAS), San José,
Costa Rica, 2023 [31]. Awarded with Awarded with Third Place in Poster
presentation.

Chapter 5: Recovery of sample information in presence of occlusions

- “Recovery of occluded objects in digital lensless holographic microscopy”, Xl
Iberoamerican Optics Meeting / XIV Latin American Meeting on Optics, Lasers and
Applications (RIAO-OPTILAS), San José, Costa Rica, 2023 [32].
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