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RESUMEN 
La microscopía de hoja de luz o microscopía por iluminación selectiva de planos se ha 

convertido en una herramienta muy poderosa para la biología del desarrollo por su buen 

seccionamiento óptico y su baja fototoxicidad. Ésta, sin embargo, tiene la limitación de tener 

relativamente baja resolución temporal. La microscopía de campo de luz, por su parte, 

permite ganar resolución axial a cambio de resolución espacial. Este tipo de microscopía es 

novedoso porque permite obtener reconstrucciones de volúmenes a partir de una sola 

exposición fotográfica. El objetivo de esta monografía es diseñar y adecuar un microscopio 

existente para convertirlo en uno de campo de luz por iluminación selectiva de planos que 

permita ganar resolución temporal, fundamental en el estudio de dinámicas rápidas en 

muestras vivas. 

 

ABSTRACT 
Light sheet or selective plane illumination microscopy has become an amazingly powerful tool 

for development biology due to its good optical sectioning and its low phototoxicity. However, 

this type of microscopy is limited by its relatively low temporal resolution. Light field 

microscopy, on the other hand, allows to gain axial resolution in exchange of spatial 

resolution. This type of microscopy is novel because it produces reconstructions of volumes 

based on a single photographic exposure. The objective of this thesis is to design and modify 

an existing microscope to turn it into a Light Field Selective Plane Illumination Microscope 

having a better temporal resolution, something fundamental for the study of fast dynamics in 

live samples.  
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I.  INTRODUCTION 

Light sheet microscopy has become an extremely powerful tool for developmental biologists. 

This is due its single-plane transverse illumination, which accounts for lower photoxicity than 

wide-field and confocal fluorescence microscopy techniques. As noted by Nature Methods in 

its editorial proclaiming it Method of the Year 2014, “light-sheet fluorescence microscopy 

enables relatively gentle imaging of biological samples with high resolution in three 

dimensions (3D) and over long periods of time” while it “has recently been used to image 

living hearts and functioning brains and to track moving cells within developing embryos” [1]. 

The method, indeed, has a great potential for fields such as neuroscience in which recording 

populations of numerous cells over time could shed light on how neural networks function 

[2]. To do so, a microscope that can rapidly produce images of volumes with single-cell 

resolution of tissues in vivo is to be used. It is our main purpose to develop and build a 

microscope that serves this objective1. Light-sheet microscopy makes it possible to obtain 

single-cell resolution while imaging organisms for long periods in vivo, yet it must be 

customized to produce images of volumes rapidly.  

 

Light field microscopes appeared in the last decade mainly thanks to the work of Levoy and 

his collaborators2[3]. They used an existing technology (microlens arrays) to develop a new 

concept: light-field photography. By inserting an array of microlenses in the optical train of a 

conventional microscope one can capture light fields from a biological sample. This enables 

the production of perspective views from a single photograph, which is not possible in a 

regular microscope; because microscopes are inherently orthographic3 devices[4]. This is of 

special use for samples that are very photosensitive, that move, or that exhibit fast dynamics. 

Therefore light field microscopy is the approach that we will use to acquire images of volumes 

                                                           
1 It is beyond the scope of this undergraduate thesis to use the technique to study any biological subject 
of interest. We do mention it to state the strong motivation from the biological point of view for this 
sort of technologies. 
2 However, the concept had long been proposed in the early 1900’s by Gabriel Lippmann, who theorized 
about the possibility of acquiring holographic photographs by means of a microlens array. His interest 
focused on macroscopic photographs. A photograph consisting of multiple view-points of the same 
object was named an integral photograph. 
3 An orthographic device produces views that are two-dimensional projections of a three-dimensional 
space, in which all the projection lines are orthogonal to the projection plane. Telecentric objectives, 
like those used in modern microscopes, produce orthographic projections. In these projections, parallax 
or post-capture perspective-view generation is not possible. 



7 
 

rapidly using a light sheet microscope. The combined implementation of these two techniques 

is novel and non-trivial and, as far as we are concerned, has not been reported. In vivo imaging 

of neurons in zebrafish embryos using light field with an epi-fluorescence microscope has 

been achieved[5] but the results were limited mainly because of the trade-off between 

angular and spatial resolution imposed by diffraction [4]. These constrains may be overcome 

by the improved optical sectioning of selective-plane illumination. However, it is to be noted 

that with the use of light field epi-fluorescence microscopy volumes of neurons in C. elegans 

have been imaged with single-cell resolution at rates of 20Hz [6]. 

 

Light field microscopes sacrifice spatial resolution to gain angular resolution4. It is still 

unknown to us how to properly balance spatial and angular resolution in a light field 

microscope and, in particular, how to compensate for this trade-off using appropriate optical 

sectioning of the sample5. We are familiar with obtaining images of volumes by acquiring z-

stacks6 over time.  To do this, the light sheet and the detection objective stay at rest while the 

sample is displaced using a micrometric stage. The disadvantages of this technique are its 

relatively slow acquisition speed and the fact that each photograph corresponds to one 

exposure of the camera. The process could be done in a more rapid fashion by moving the 

sample faster or by reducing the exposure time of each frame, but the former increases the 

lack of precision in the displacement of the sample with some experimental configurations 

while the latter adds noise to the images. This approach is already implemented on the SPIM 1 

microscope at the Biophysics Laboratory at Universidad de los Andes. Other approaches 

include displacing the light sheet in coordination with the detection objective –which is often 

done with the help of a piezoelectric- as to always keep the lit part of the sample in focus [7], 

[8]. Such an approach has enabled imaging the whole brain of a zebrafish embryo at a speed of 

0.8Hz with single-cell resolution [9]. We believe that Light Field Light Sheet Microscopy could 

yield faster imaging of volumes than the afore-mentioned techniques. 

  

By means of this research we also intend to gain experience on the use of microlens arrays in 

microscopy, a tool that permits stereo-vision, panoramic imaging and refocusing even after 

image capture [10].  

                                                           
4 I. e. light field microscopes gain information on the direction of the incoming rays but do so by 
sacrificing information on their origin. 
5  We will gain knowledge on this as we use the setup to study biological samples. 
6 A z-stack is a stack of images, each picturing a different plane orthogonal to the optical axis of the 
detection objective.  
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With this in mind, we want to develop a microscope that acquires and renders images of 

volumes with close-to-single-cell resolution by capturing light fields of a scanned light-sheet 

illuminated sample. We will do this by adapting, in the first place, an existing light-sheet 

microscope so that we can scan the light-sheet along the sample by means of a mirror 

attached to a galvanometer that rotates which can be digitally controlled from a computer; 

secondly by inserting a microlens array in the detection system of the microscope (while 

adapting the optics to this new component) which will capture light fields from samples; and 

thirdly by coordinating these two parts of the microscope to effectively illuminate the sample 

and produce images of volumes from a single exposure of the camera.  
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II.  BASICS ON MICROSCOPY 

We have stated that we intend to build a Light Field Light Sheet Microscope. Such a 

microscope relies on the principles of fluorescence microscopy, light sheet microscopy, and 

light field microscopy. This chapter attempts to present the theoretical background needed to 

understand these principles. We have divided it into four sections: fluorescence microscopy, 

light sheet microscopy, light field microscopy, and light field light sheet microscopy. The first 

three sections describe the aforementioned concepts that our microscope will incorporate, 

while the fourth section will describe how they are put together.  

A. FLUORESCENCE MICROSCOPY 

Atoms and molecules can absorb photons, exciting one of their electrons to a more energetic 

level. The electron will later fall to the ground state emitting the extra energy as a new photon. 

Fluorescent materials, or fluorophores, have typical delay times between excitation and 

emission of less than a microsecond. During this time, the fluorophore undergoes 

conformational changes and interacts with the environment, which leads to energy 

dissipation. These processes of dissipation are important because they yield 1) less energetic 

emitted photons than those absorbed and 2) fluorophores that do not release the absorbed 

energy through light emission [11].  The first consequence is the most advantageous for most 

microscopy applications, because it allows the experimentalist to spectrally separate the 

illumination from the detected signal. The emitted photons are less energetic than those used 

for excitation, thus have longer wavelengths7. In practice, this is done by means of a filter that 

blocks λexc and lets λem. Compared to white-light trans-illumination, fluorescence microscopy 

has the advantages of improved contrast, selective detection (one can stain different 

structures with different fluorescent dyes and separate spatial information spectrally) and 

quantitative results. Light sheet microscopy is a type of fluorescence microscopy. 

B. LIGHT SHEET FLUORESCENCE MICROSCOPY 

Light Sheet Fluorescence Microscopy (LSFM) was introduced for the first time by Heinrich 

Siedentopf in 1902 under the name of Ultramicroscopy [12]. By the early 1900’s Siedentopf, 

who worked for Carl Zeiss, was collaborating with Professor Richard Zsigmondy to build a 

                                                           
7 This is equivalent to being closer to the red in the visible spectrum. 
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microscope capable of distinguishing particles in colloids. Siedentopf realized that, in order to 

be able to image extremely small particles, illumination needed to be implemented differently. 

His design included two independent objectives: one for detection and another one for 

illumination. It also took advantage of the fluorescence that the ultramicroscopic particles 

exhibited [13]. The success of his design originated from his ability to optically section the 

sample, thus reducing the background. Unfortunately Siedentopf and Zsigmondy’s invention 

remained forgotten until the 1990’s, when Voie, Burns, and Spelman applied it to the imaging 

of the internal architecture of the cochlea [14]. From that point on the technique they named 

Orthogonal-plane fluorescence optical sectioning evolved rapidly to modern-day LSFM. 

The major inconvenience of traditional microscopes, which Siedentopf identified, comes from 

the use of epifluorescence or wide-field trans-illumination. This means that while only one 

plane in the sample is being imaged, its whole is being illuminated longitudinally by intense 

excitation light. This drastically reduces the axial resolution and the contrast of the resulting 

images, making impossible to resolve small and dim features of the specimen, such as the 

ultramicroscopic particles in Zsigmondy’s colloids. This illumination fashion makes traditional 

fluorescence microscopes very phototoxic8 as well. However, this problem can be solved by 

selectively illuminating the portion of the sample that is being imaged. Light Sheet 

Fluorescence Microscopy does so by optically sectioning the sample with a light sheet which, 

in our case, is a Gaussian beam produced by a cylindrical lens. The differences between 

illumination by epi-fluorescence and LSFM are shown in Fig. 1 [15].  

                                                           
8 A microscope is more phototoxic as it causes more damage on the sample. Incident radiation used for 
illumination is harmful to live samples as bright light damages proteins and DNA, so it compromises 
viability. Bright illumination light can also be harmful as it accelerates the photobleaching of 
fluorophores. Once a fluorophore photobleaches, it may not be excited again. Attention is to be paid as 
to have a bright, high-contrast microscope that does not kill or photobleach samples too quickly. 
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Light Sheet Fluorescence Microscopy is a true optical sectioning technique. The main purpose 

of optical sectioning is eliminating from the resulting image the light that comes from the 

sections of the sample that are out of focus. One can do this by two strategies: 1) not 

generating out-of-focus background in the first place or 2) rejecting out-of-focus background 

either before or after the detection process [16]. In terms of resulting image quality these two 

approaches could yield very similar results; however they differ enormously in phototoxicity. 

If a smaller section of the sample is illuminated at any given time or if the sample is exposed to 

excitation light for a shorter period, less damage by radiation is caused on it. Low 

phototoxicity is crucial to preserve fluorescent probes –all of which eventually photobleach 

[17]- and to allow for long in vivo imaging. Hence, true optical sectioning (i.e. reducing out-of-

focus background by only illuminating in-focus sections of the sample) accounts not only for 

better resulting image quality but also for much less phototoxicity. An example of this strategy 

is LSFM, and for the second (out-of-focus background rejection) is Confocal Laser Scanning 

Microscopy. 

In LSFM one illuminates the sample with a thin plane of light perpendicular to the optical axis 

of the detection objective. In practice, one does not count strictly with a plane of light but one 

can use several other approaches that give similar results. Such approaches include using thin 

Figure 1: Differences between illumination by epifluorescence and by LSFM. In A, the 
illumination objective serves also for detection. The sample s is illuminated through all its 
depth so that all planes, in or out of focus, are illuminated at the same time, producing out-of-
focus background and higher phototoxicity. In B, a cylindrical lens produces a light sheet that 
illuminates the sample s transversally. Only the plane in focus is illuminated. The detection 
objective captures the emitted fluorescence. The light sheet, shown in blue, is a Gaussian 
beam with a narrow waist that coincides with the position of s. Both in A and B the direction 
of illumination is shown with a blue arrow, while the direction of detection is shown in green.  
(Modified from J. Huisken and D. Y. R. Stainier, 2009). 
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Gaussian beams[18], [19], Bessel beams[20]–[22], Airy Beams[23], or digitally scanning these 

beams, among others. Our microscope uses a Gaussian beam as light sheet, so we will focus on 

that approach.  

Let us next describe mathematically the shape of the light sheet. A Gaussian light sheet has a 

waist with a width given by [4] 

2𝑤0 =  
𝜆𝑒𝑥𝑐

2𝑁𝐴𝑒𝑥𝑐
 

where 𝑤0 is the waist radius and NAexc is the numerical aperture of the illumination objective. 

The light sheet has a Rayleigh length described by 

𝑧𝑅 =  
𝜋𝑤0

2

𝜆𝑒𝑥𝑐
 

The Rayleigh length is the distance from the waist along the propagation axis at which the 

thickness of the sheet has increased by a factor of √2 [20]. The shape of a Gaussian beam is 

presented in figure 2. Beam width and Rayleigh length are limited, so beams with narrower 

waists diverge more rapidly, as we will discuss later on.   

A great advantage of light sheet microscopy is that it can achieve a better axial resolution than 

traditional wide-field fluorescence microscopy. This is so because of the optical sectioning. A 

 Figure 2: Shape of a Gaussian Beam. A Gaussian Beam has a width that depends on the position 

along the optical axis, w(z). The width has a minimum at a waist after which the beam diverges 

in both directions. The radius at the waist is given by w0.  The rate at which the beam increases 

its width is given by the Rayleigh length 𝑧𝑅, which describes the length needed by the beam to 

duplicate its cross section, i.e. to multiply its radius by √2. The angle at which the beam diverges 

is given by Θ. The Depth of Focus is indicated by b. Taken from 

https://en.wikipedia.org/wiki/Gaussian_beam 
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thinner light sheet provides a better optical sectioning than a thicker one, and one can even 

achieve a better axial resolution than that of the objective if one illuminates the sample with a 

light sheet thinner than the depth of field of the objective. The axial resolution of a LSFM is 

given by the expression 

𝐴𝑥𝑖𝑎𝑙 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  (
2𝑁𝐴𝑒𝑥𝑐

𝜆𝑒𝑥𝑐
+  

𝑛(1−𝑐𝑜𝑠𝜃𝑑𝑒𝑡)

𝜆𝑒𝑚
)

−1
[20], [24] . 

In this expression, the first term corresponds to the inverse of the width of the light sheet, 

where 𝜆𝑒𝑥𝑐  is the wavelength of the excitation light and 𝑁𝐴𝑒𝑥𝑐 the numerical aperture of the 

illumination objective; while the second term corresponds to the axial resolution of the 

detection objective, where 𝜆𝑒𝑚 is the wavelength of the emitted fluorescence, 𝑛 the index of 

refraction of the medium –water in our case-, and 𝜃𝑑𝑒𝑡 = arcsen (
𝑁𝐴𝑑𝑒𝑡

𝑛
 ) is the half-angle of 

the light collection by the detection objective[20]. 

This last equation is of great relevance to our setup, because it indicates that we can improve 

the axial resolution of our microscope if we illuminate the sample with a thinner light sheet 

than the depth of field of the detection objective. Besides, note that we will count with a priori 

information on the axial position of fluorophores, which will simplify and possibly enhance 

the reconstruction of a volume after capturing a light field, as we will see next. 

C. LIGHT FIELD MICROSCOPY 

i. The plenoptic function and the light field 

The motivation for capturing light fields in a microscope comes from two limitations that 

traditional microscopes have. First, in ordinary microscopes, objects are seen as orthographic9 

projections on a plane, which means that moving the sample sideways does not produce 

parallax and moving it in and out of focus does not change the size of the features[25]. This 

makes it difficult to disambiguate superimposed features. Second, image acquisition of 

volumes at high magnification is slow due to the very shallow depth of field that microscopes 

have [3]. 

                                                           
9 In a regular microscope, rays reaching the image plane seem to come from infinity, thus they are all 
perpendicular to the camera’s sensor, therefore called orthographic. This explains why moving the 
sample sideways does not produce parallax and moving it in and out of focus does not change the size 
of features. 
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Before studying the concept of the light field we shall first address the plenoptic function. To 

understand this function, let us perform the following mental experiment: imagine a 

photograph taken by a black and white pinhole camera. In such a camera, all light rays 

reaching the photographic film come from the same infinitesimal pupil. This photograph will 

give us information on the intensity of light seen from a single view point, at a single point in 

time, averaged over all the wavelengths of the visible spectrum. This means that a photograph 

from a pinhole camera records the intensity distribution for these set parameters, that is to 

say, the function 𝑃(𝑥, 𝑦). A color photograph would yield the information contained 

in 𝑃(𝑥, 𝑦, 𝜆), a color movie the information in 𝑃(𝑥, 𝑦, 𝜆, 𝑡), and a color holographic movie, 

which gives the intensity distribution at every possible viewing point given by 𝑉𝑥 , 𝑉𝑦, 𝑉𝑧, the 

information in 𝑃(𝑥, 𝑦, 𝜆, 𝑡, 𝑉𝑥, 𝑉𝑦, 𝑉𝑧). A complete holographic film would allow reconstruction 

of every possible view, at every moment, from every position, at every wavelength. This 

complete holographic movie is equivalent to the plenoptic function [26]. For the time being we 

will limit ourselves to a monochromatic, static plenoptic function, i.e. 𝑃(𝑥, 𝑦, 𝑉𝑥 , 𝑉𝑦, 𝑉𝑧). The 

plenoptic function contains the information of the radiance, the origin and the direction of 

every ray of light coming from every light source. This information may be parametrized by a 

3D function containing the information of its origin, and a 2D function containing the 

information of its direction.  In a region of a transparent medium, the radiance is invariant 

along the length of the ray, so there is redundant information in a 5D plenoptic function. We 

may reduce its dimensionality, leaving us with a 4D function historically called the light field. 

The light field is a vector function which contains the information of every ray of light 

traveling in every direction through every point in space [27]. If we were to register the 

complete light field we could compute oblique views of the specimen, as well as refocus and 

defocus the image; we could even produce a map with the localization of the light sources in 

the sample.  

We have parametrized  the plenoptic function as a 5D  function (three  coordinates for the 

origin of the ray and two for its direction); now we will devote ourselves to the simpler 4D 

light field. The 4D light field may be represented in various ways but we will stick to the 

representation used by Levoy and Hanrahan [26], as shown in figure 3; where rays are 

parametrized by their intersections with the uv and st planes. This representation allows us to 

parametrize all rays except for those parallel to the two planes, which we will not encounter 

in our setup if the planes sit perpendicularly to the optical axis. Note that one can think of the 

light field as the collection of perspective views of the uv plane, each taken from an observer 



15 
 

position on the st plane, because these full perspective views include all rays intersecting both 

planes. Let us bear this in mind, as it will explain how we can experimentally capture a light 

field. 

 

ii. Capturing the light field 

Experimentally, we can capture the light field by introducing a microlens array in the optical 

path of a microscope. A microlens array is an optical device, consisting on a matrix of lenslets, 

each typically between tens and hundreds of micrometers in diameter. All the lenslets in the 

array are approximately equal and have roughly the same optical properties. Typical arrays 

are tens of millimeters wide and high. We insert the microlens array such that the object-side 

focal plane of the objective and the microlens array are conjugate image planes10. Therefore, 

the camera’s sensor corresponds to the uv plane and the microlenses –or the specimen- to the 

st plane. Under these conditions, what we capture with our photographic camera is a 

collection of perspective views of the st plane as seen from different observer positions on the 

                                                           
10 Two planes are image conjugates if the points in one plane are imaged on the other one. 

 

Figure 3: Representation of the 4D light field. The rays in a 4D light field may be parametrized 

by their intersection with two planes at arbitrary positions and orientations where L(u,v,s,t), 

the light field, gives the coordinates of the intersections of the each ray with the two planes. A 

light field can be thought of as the collection of perspective views of the uv plane each taken 

from an observer position on the st plane. (Modified from Levoy, Zhang and McDowall, 2009).  
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uv plane. Note, then, that by means of a photograph we will have captured the light field. Once 

the light field is captured, we must extract the information contained in it, which will be dealt 

with next. 

ii. Information extraction from the light field 

New perspective views and artificial refocusing can be thought of in the abstract u, v, s, t space 

[4], [27]–[29]. To do so, let us attentively bear in mind the two-plane representation 

described in figure 3.  Let us limit ourselves to a representation of the space given solely by 

the u and s axes, as in figure 4 and its subfigures.  First, let us place the uv plane at infinity, as 

in subfigure a. All rays leaving one point on axis u and reaching different points on axis s are 

parallel, that is the views of the u axis, as seen from the s axis are orthographic. Such are the 

 

Figure 4: Extracting information from the 4D light field. The rays in a 4D light field may be 

parametrized by their intersection with two planes at arbitrary positions, as in figure 3. Once a 

light field is captured, one can produce novel views and refocus by selectively placing the two 

planes. In this figure, we limit ourselves to what happens on u and s axes. a. By placing the uv 

plane at infinity, we may produce orthographic views, in which a perspective view of s from a 

single point on u is composed of parallel rays. b. When the uv plane is placed a finite distance 

from st, one can produce a perspective view of the st plane. c. Rays coming from a point 

source place on s intersect u at different points. In the s-u plane representation, this appears 

as a vertical line. By summing over all the values of u that correspond to the same s, one can 

produce a focused view of the focal plane. d. Analogous to c, the rays from a point source 

behind the focal plane intersect both s and u at different points. This, in a skewed-space s-u 

representation appears like a vertical line. Once again, one can sum over the u values to 

produce a refocused view of an originally out-of-focus plane.  (Modified from Levoy, Zhang 

and McDowall, 2009).  
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views in a traditional microscope. An orthographic view is seen as a horizontal line in the s-u 

plane representation (bottom). However, in the macroscopic world, we are more used to 

perspective views in which lateral displacement produces skewed views and parallax. If we do 

not place the uv plane at infinity but at a finite distance from st we represent a perspective 

view, as shown in subfigure b. Note that under this configuration rays leaving the s axis 

towards a vanishing point O intersect the u axis at different points (top), which produces a 

slope on the s-u plane representation (bottom). Let us now consider the rays from a point 

source located on the s plane –that is, a point source in focus. As shown in subfigure c, rays 

leaving a point source intersect the s axis at one point only but intersect the u axis at different 

points (top). In the s-u plane representation, this is equivalent to a vertical line (bottom). 

Thus, by having a light field characterized in this manner, one can produce a focused view of 

the st plane by summing over all values of u for a sing value of s. Finally, as shown in subfigure 

d, one can capture the light field of produced by an out-of-focus point source. In this case, the 

rays from the point source intersect the s and the u axes at various points (top). In the s-u 

plane representation, this is seen regularly as an inclined line, which we can represent as a 

vertical line if, instead, we skew the whole space (bottom). One can produce a refocused view 

of the specimen by summing similarly to c. 

iv. Diffraction limit on resolution 

We have seen that once we capture a light field we can extract the information to produce 

new perspective views and artificially refocus different sections of the sample –even all at 

once. This means that we have gained information on the axial11 location of light sources in 

the sample. To know this, we had to gain angular resolution12, i.e. resolution on the angle at 

which light from each source reached the sensor. However, diffraction places a limit on the 

product of spatial and angular resolution in the light field [4]. By capturing the light field we 

retrieve less spatial or axial information than by capturing regular photographs, as in 

tomography, because resolution limits information in one frame at the time.  So, we sacrifice 

information on the spatial origin of light to gain information on the angular spread of light. 

This limit has its origin rooted on the wavelike behavior of light. We will then translate this 

sacrifice into time resolution vs. spatial/axial resolution. 

                                                           
11 Axial location refers to the position along the optical axis, whereas spatial location refers to the 
position in a focal plane.  
12 Angular resolution is not important in traditional microscopes, because in orthographic views all rays 
reach the sensor at the same angle. 
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We will now express the limit on the product of spatial and angular resolution for a particular 

setup. In microscopy, wave optics prevails over geometrical optics, so the number of 

resolvable spots in the specimen limits the amount of information that we can extract from it 

[4]. To quantify the number of resolvable spots in the specimen we need first to compute the 

resolution of our system. To do that we will use the Sparrow criterion13 [30]. 

𝑅𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 =
0.47 𝜆𝑒𝑚

𝑁𝐴
𝑀 

where 𝜆𝑒𝑚 is the wavelength of the captured light, M is the magnification of the objective, and 

NA its numerical aperture of the detection objective. The number of resolvable spots is fixed, 

so we can only play with how much spatial resolution we would like to sacrifice to gain 

angular resolution.  Let us think again of the two-plane parametrization of the light field, in 

which we considered perspective views of one plane as seen from the other. Note that the 

space on these planes is not continuous but discrete: we have a finite number of lenslets and a 

finite number of resolvable spots on the sensor.  Then Ns ,  Nt  are the number of lenslets along 

the s and t axes of the st plane; and  Nu , Nv the number of resolvable spots behind each 

microlens. the number of resolvable spots is fixed as well. The product Ns × Nt × Nu × Nv is 

limited by the number of resolvable spots in the specimen. So, Nu × Nv the number of 

resolvable spots behind each microlens is 

𝑁𝑢 ×  𝑁𝑣 =
𝑊 × 𝐻

𝑅𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒
2  

where W and H are the width and height of each microlens. In the case of square or circular 

microlenses, Nu = Nv and W = H, so Nu = W/Robjective  gives the number of resolvable spots, i. e. 

the angular resolution14. The spatial resolution will be given by  

𝑅 𝑠𝑝𝑎𝑡𝑖𝑎𝑙 =  
𝑊

𝑀
   [4] 

 

The limit of that resolution will be given by 

                                                           
13 Resolution is difficult to define, so there are several criteria to define it. The Sparrow resolution limit 
is achieved when the brightness of the light coming from two overlapping equally-bright Airy disks 
reaches a constant value along the line that crosses the centers of the Airy disks. Note that resolution is 
a difficult concept to define, so there are several criteria to define it. The Raleigh criterion is also 
frequently used, you can compare it to the Sparrow limit at  
http://www.microscopyu.com/articles/superresolution/diffractionbarrier.html 
14 Note that angular resolution is measured in units of ‘resolvable spots’ 
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𝑅 𝑠𝑝𝑎𝑡𝑖𝑎𝑙 =  
𝑅𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒

𝑀
   [4] 

 

The information that we will extract from the light field concerns artificially-focused planes 

and new perspective views. This information is limited by axial resolution, which is important 

when studying volumes in samples; but, as we have seen, axial resolution depends on angular 

resolution. The number of slices with non-overlapping depths of field will be given by the 

angular resolution itself, so Nu gives the number of slices with non-overlapping depths of field 

that we can extract. Remember that the depth of field gives a measurement of how deep the 

in-focus region is. With regards to synthetically focused regions, their depth of field is strongly 

dependent on the wavelike behavior of light, rather than geometrical optics, because the 

lenslets play the major role in this.  

𝐷𝑂𝐹𝑠𝑦𝑛𝑡ℎ.  𝑓𝑜𝑐𝑢𝑠 =  
(2 +  𝑁𝑢)𝜆𝑒𝑚𝑛

2(𝑁𝐴)2
 

where n is the index of refraction of the imaging medium [4].  

The resulting computed reconstructions of perspective views or artificially-focused slices 

from the light field will have fewer pixels. The size, in pixels, of the resulting reconstructions 

depends on the number of pixels available in the sensor, on their size, and on the size of the 

microlenses. 

# 𝑝𝑖𝑥𝑒𝑙𝑠𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 =  
# 𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑝𝑖𝑥𝑒𝑙𝑠𝑠𝑒𝑛𝑠𝑜𝑟  × 𝑠𝑖𝑧𝑒𝑝𝑖𝑥𝑒𝑙

𝑠𝑖𝑧𝑒𝑚𝑖𝑐𝑟𝑜𝑙𝑒𝑛𝑠
 

We refer to illuminated pixels because the dimensions of the sensor and the array need not 

match, so some pixels may be outside the region behind the array. The pixels that lie behind 

the chrome mask are still considered illuminated. The sizes of the microlenses and the pixels 

refer to lengths, not to areas. 

Note that smaller microlenses yield reconstructions with more pixels, but with lower angular 

resolution. Ideally one would like to count with a very large sensor, as to increase the number 

of pixels in the reconstructions without sacrificing angular resolution, but this comes at the 

cost of lower intensities on the sensor thus noisier images. When designing a light field 

microscope, these factors are important, because they determine the axial and spatial 
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resolution of the apparatus. In most cases, the needed resolutions depend largely on the 

sample being studied. 

Bear in mind that this discussion is pertinent to non-light sheet light field microscopes, in 

which the a priori information on the axial location of fluorophores gained from light-sheet 

illumination is not taken into account. We mention it because it is our future work to 

incorporate this information into our reconstructions. 

D. LIGHT FIELD LIGHT SHEET MICROSCOPY 

Our Light Field Light Sheet Microscope relies on the concepts of fluorescence microscopy, 

light sheet microscopy, and light field microscopy; yet we must put them together. We will 

now present the scheme for our microscope: 

The microscope is composed by two main sections: the fluorescence illumination system, 

which relies on fluorescence and light sheet microscopy; and the detection system. We will 

discuss these two sections in the following two chapters.  

Figure 5. Scheme of the microscope. This schematic shows the optical elements that make part of the 

setup, as seen from above. The microscope is composed of a fluorescence illumination system, a 

transmitted illumination system, the orthographic detection, and the light field detection. 
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III.  ILLUMINATION SYSTEM 

The illumination system is in charge of producing a light sheet for fluorescence 

excitation that illuminates the sample transversally.  The optical sectioning of our 

setup is carried out by this part of the microscope. This chapter deals with the design, 

the setup, and the calibration of the illumination system.  

 

Figure 6. Illumination system. The illumination system is in charge of performing and controlling the 

optical sectioning of the sample. This is done by means of a light sheet, produced by a cylindrical lens, 

which is displaced by a galvanometer with mirrors attached. Top view of the system (note that the 

orientation of the xyz axes is indicated in top right corner). Light from a laser travels from the bottom 

right to the top left, as indicated by the arrows. The Acousto-Optic Tunable Filter digitally selects the 

frequency and intensity of the light at the output, leading to the galvoscanner. The galvoscanner has two 

mirrors attached, allowing for vertical and horizontal scanning of the beam. We will only use the bottom 

mirrors, which accounts for the horizontal displacement. The orientation of the mirrors is better 

explained in the dashed rectangle above. The galvoscanner is followed by the beam expander, consisting 

of two lenses with different focal lengths and whose focal points coincide. Then, light is focused along 

one axis only by the cylindrical lens. As shown in the dashed rectangle, the cylindrical lens focuses the 

light along its axis of curvature only, producing a horizontal plane of light at its focal plane. The focal 

plane of the cylindrical lens is made to coincide with the back focal plane of the illumination objective. 

This inverts (rotates 90°) and further focuses the light sheet. The sheet has a waist which must coincide 

with the position of the sample. The sheet then diverges horizontally. The thinnest waist is achieved 

when, at infinity, the sheet is a thin plane.  
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A. DESIGN OF THE ILLUMINATION SYSTEM 

We have designed the illumination system with a main goal in mind: good and fast 

optical sectioning. We need good optical sectioning to have detailed a priori 

information on the localization of fluorophores that we can use for the computational 

analysis of the images. To achieve good optical sectioning we need a sufficiently thin 

light sheet that does not diverge too quickly (as our ideal samples are relatively big in 

volume). This is done by means of a low-medium numerical aperture illumination 

objective and a beam expander. We need fast optical sectioning, i.e. the ability to 

switch from one illuminated fraction of the sample to another rapidly, to be able to 

record dynamics. We can achieve fast optical sectioning by means of a galvoscanner 

that digitally displaces the light sheet across the sample. This method is faster than 

displacing the sample while leaving the light sheet static, but it is more imprecise. We 

intend to record volumes with frequencies higher than 1 Hz while illuminating 

sections of about 10um.  

To achieve this we used two diode pumped lasers (CrystaLaser) at 405nm (100mW) 

and 488nm (60mW nominal). The light from these was combined by means of 

dichroic mirrors and then conducted to an Acousto-Optic Tunable Filter (OTFnC-

400.650, Opto-electronic), as shown in fig. 6. The AOTF is used to digitally select the 

frequency and power of light at its output. We use a periscope to raise the height of 

the beam. Then, we conduct the light to the galvoscanner. We use a dual axis 

galvanometer optical scanner manufactured by Edmund Optics and driven by a dual 

axis servo driver (MicroMax 673XX, Cambridge Technology) which is controlled by a 

data acquisition card (NI USB-6009, National Instruments). The galvoscanner consists 

of two rotating mirrors, with perpendicular axes, one on top of the other although not 

parallel, and with their reflective sides facing each other. The mirrors can be 

controlled individually and digitally from the computer by means of the data 

acquisition card. When a voltage is applied on one of the mirrors, it rotates a given 

angle, as a function of the voltage. This results in a new angle of the reflected beam, 

which after the beam expander translates into displacement of the beam 

perpendicularly to the axis of the illumination system, as shown in fig. 7. The relation 
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between voltage and displacement has to be found experimentally. Including its 

electronics and control, the galvoscanner has a temporal resolution15 of 6.6ms, which 

means that each displacement of the light sheet takes this amount of time. The 

scanned Gaussian plane wavefront then reaches a beam expander, consisting of two 

spherical plano-convex with different focal lengths (f1 = 30mm, f2 = 200mm) which are 

placed so that their flat sides face each other and, most importantly, so that their focal 

points match. The flat sides should face each other to reduce chromatic aberrations. 

We insert a beam expander because lasers produce collimated beams with very small 

diameters. Without being expanded16, the beam could not fill the whole numerical 

aperture of the illumination objective, resulting in undesirably wider light sheets. 

Afterwards, light goes through a cylindrical lens (f = 100mm), which focuses the beam 

solely along its axis of curvature. The result is a planar beam at the focal plane of the 

cylindrical lens. We then place a microscope objective (10x N PLAN, NA = 0.25, 

working distance = 17.5mm, infinity corrected, Leica), which we refer to as the 

                                                           
15 The time resolution of the galvoscanner is of special consideration because it 1) limits the time 
resolution of the microscope and 2) because, as at each displacement a section of the sample is being 
illuminated for 6.6ms, the sections that we want to observe must be illuminated for longer periods to 
have better contrast. Time resolution for the galvo and its electronics was calculated by Jhonny Turizo. 
16 A narrow beam coming from a laser can be used to produce a digitally-scanned light sheet. Under this 
approach, one creates a light sheet by very rapidly displacing the beam vertically as to produce a plane 
of light, as in DSLM [7], without the need of a beam expander and a cylindrical lens. 

 
Figure 7. Selective Plane Illumination with the galvoscanner. Light, indicated by blue rays, travels from 

bottom right to top left. It first encounters a mirror mounted on a galvanometer, then the two lenses 

forming the beam expander, and finally (not included in this diagram) the cylindrical lens and the 

illumination objective. By digitally changing the voltage on the galvanometer, one can change the angle 

at which the mirror sits (dashed lines). This figure shows how this rotation produces a displacement of 

the incident beam on the sample. 
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illumination objective, that inverts the orientation of the beam and further focuses it 

onto the sample. The use of an illumination objective is not mandatory, but is 

preferred as cylindrical lenses of high optical quality are not generally manufactured. 

It is important to have high optical quality, i.e. accurately known high numerical 

aperture to produce thin light sheets. This may only be obtained by using a 

microscope objective. As noted in the previous chapter, Gaussian light sheets reach a 

waist and then diverge. How thin the sheet is and how fast the beam diverges depends 

on the numerical aperture of the illumination objective. Figure 8 presents these two 

relations. Remember that a longer Raleigh length means that the sheet diverges more 

slowly. We can see from this graph that higher numerical apertures produce beams 

with narrower waist but with shorter Raleigh lengths. Bearing in mind that our target 

sample comprises relatively large volumes, we need slowly diverging light sheets. This 

is the reason for choosing an illumination objective with a low numerical aperture 

(0.25) that theoretically yields light sheets of ~1um at their waist and with a Raleigh 

length of ~2um.  

  

 Figure 8. Beam waist and Raleigh length vs. Numerical aperture of the illumination objective. 

The waist and the Raleigh length of a Gaussian light sheet depend on the NA and wavelength. 

Note that higher NA produce thinner sheets, which have shorter Raleigh lengths; that is to say 

that they diverge more rapidly. 
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The former are the constituents of the illumination system, we will now proceed to 

explain how to place them together. 

 

B. SETUP OF THE ILLUMINATION SYSTEM 

There are three main constituents that need special attention: the galvoscanner, the 

beam expander, and the light sheet formation (cylindrical lens + illumination 

objective). They should be built in that order. Setting up the lasers with the AOTF 

requires attentive alignment, but the instructions to perform that can be found in the 

AOTF manufacturer’s manual. Yet, the system must be aligned in the order set by the 

direction of light. That being said, once the lasers, the AOTF, and the periscope are 

aligned, one may proceed to build the rest of the illumination system. 

i. Galvoscanner 

The galvoscanner is difficult to align because the two mirrors are very small and they 

sit inside a transparent acrylic box with two small holes for the light to go in and out. 

The acrylic box protects the small mirrors from dust, but is not sufficiently 

transparent to the laser beam.  When the mirrors are in their rest position, light 

should exit the galvoscanner at a constant height and along the optical axis of the 

illumination system. To be able to adjust the angle of incidence to the galvoscanner of 

the light, two double-axis mirrors must be inserted between the periscope and the 

galvoscanner. In order to recover the alignment in the future, two irises are needed. It 

would be ideal to have the two irises between the galvoscanner and the second 

double-axis mirror, but in our setup the space was limited so we had to place the 

irises after the galvoscanner.  

ii. Beam expander 

The design of the beam expander is mostly determined by the required magnification 

of the beam in order to fill the numerical aperture of the illumination objective. The 

lenses we use have focal distances of 30mm and 200mm, yielding a magnification of 

6.7. To build the beam expander one must make sure that the outgoing beam has also 
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a plane wavefront, which implies that neither does it converge nor does it diverge. So, 

the lens with shorter focal length is placed first in the optical path. A ruler is used to 

roughly find the location of the second lens, and the lens is placed consequently. Using 

paper with a milimetric grid, the diameter of the beam is measured at two points after 

the beam expander. The diameter at the two points should be equal. If they are not, 

the second lens should be moved carefully until the outgoing beam has a constant 

diameter. Figure 8 better illustrates how the beam expander functions. 

 

 

 

iii. Light sheet formation 

The Gaussian light sheet is formed when the cylindrical lens focuses the beam along 

one axis only. The distance from the cylindrical lens to the illumination objective is 

critical for the proper alignment of the light sheet. When correctly put together, the 

focal point of the cylindrical lens sits on the back focal plane of the illumination 

objective. When this is achieved, the light sheet appears as an infinitely plane at 

infinity [31], as shown in figure 6.  Of course, in praxis infinity is at most a meter away. 

Figure 9. Functioning of the beam expander. A perfectly collimated beam approaches from the left a 

beam expander, made of two lenses with different focal lengths but whose focal points coincide. 

Initially, the beam has a radius R1. As the rays in the beam are all parallel to the optical axis (marked in a 

dashed line), they all pass through the focal point of the two lenses. Therefore they will exit the second 

lens parallel to the optical axis. The resulting beam will have a larger radius such that R2/R1 = f2/f1 . 
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It is very important to make sure that the height of the sheet stays constant (this is 

achieved when the expanded beam impinges on the center of the cylindrical lens 

while this is at the same height as the center of the illumination objective). The waist 

of the light sheet occurs at the working distance of the illumination objective, 17.5mm 

for the Leica 10x N PLAN air objective. This must coincide with the location of the 

sample, so it might be necessary to displace both the illumination objective and the 

cylindrical lens together. For this reason, these two optical elements are placed on top 

of a translational stage (25mm, Thorlabs). Note that, as after the beam expander we 

have a collimated beam, the distance from the second lens o the beam expander to the 

cylindrical lens may be changed without any consequences.  

C. RESULTS 

We present the results on the calibration of the galvoscanner and the calculations on 

the width of the light sheet. 

i. Calibration of the galvoscanner 

The galvoscanner that is used for the optical sectioning needed to be calibrated. It 

receives a voltage as an input and produces a rotation angle 2θ as an output. This 

rotation angle translates into the displacement d of the light sheet, as indicated in 

figure 7. The objective of the calibration is to obtain the displacement as a function of 

the input voltage, d(V). 

This calibration depends on the experimental setup, so it was measured 

experimentally, instead of calculated or simulated. First, we performed a coarse 

calibration. The purpose of this calibration was to assess what part of the spectrum of 

rotations was useful to us. We know that the galvanometer can sweep angles of up to 

±5°. Given the limited depth of field of microscope objectives, such rotations would 

result in excessive displacements of the light sheet. As the final calibration required 

high precision, it was reasonable to limit the high-precision calibration to the input 

voltage values for which it was needed. The procedure to perform the coarse 

calibration is illustrated in figure 10. To measure the position of the center of the light 

sheet for different voltages on the galvo, we mounted a glass capillary filled with 
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fluorescent beads embedded in agar to produce an agar cylinder. The capillary was 

held by a micrometric stage (Sutter Instruments), which we used to measure 

positions. We displaced the agar cylinder across the light sheet (the movement was 

perpendicular to the direction of propagation of the light sheet). When light impinged 

on the fluorescent beads in the agar, the beads exhibited fluorescence. We could 

register the extreme positions at which there was fluorescence, which are equivalent 

to the edges of the light sheet. With the information of the positions of the edges we 

computed the position of the center of the beam. We did this for a number of voltages 

between 0V and 5V. This procedure produces a coarse calibration because the edge of 

the light sheet is an imprecise term. Bear in mind that the beam evanesces smoothly, 

so considerable error is introduced by attempting to find an “edge”. The results of this 

calibration are presented in figure 11.  

 

 

Figure 10. Measurement procedure for the coarse calibration of the galvoscanner. The position of the 

center of the light sheet as a function of the input voltage is found by calculating the midpoint between 

the edges of the beam. This is done by measuring where fluorescence becomes extinct in a sample of 

fluorescent beads suspended in agar which is displaced across the sheet. 



29 
 

We can learn from figure 11 that the voltage interval in which we will work comprises 

values from 2 to 3V. However, we cannot extract precise quantitative information 

such as the value of the slope of the linear trend line. We decided to perform a 

measurement that was more precise solely in this interval. For this measurement we 

used a new approach, covering the shorter voltage interval that interests us with data 

 
Figure 11. Coarse calibration of the galvoscanner. The graph presents the relative position of the center 

of the light sheet as a function of the input voltage on the galvo. The measurements were made as 

described by figure 12. Notice that the position of the light sheet follows a linear trend. The rest position 

of the galvo is 2,5V, hence the displacement is 0 for this value. The position of the light sheet changes by 

200um from 2 to 3V. This distance is more than the Depth of Field for most microscopes, meaning that 

typical displacements of the sheet will be in this voltage interval. 
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points 10 times closer with 4-5 measurements for each value of the voltage. The 

measurements were made in the following manner: a photodiode (Thorlabs PM100D) 

was used to measure the total intensity of the beam close to its waist. The beam 

follows a Gaussian profile, so we can find ±σ. We insert a sharp blade held by the 

micrometric manipulator in front of the photodiode. We displace17 the blade across 

the beam, blocking light accordingly, which we can see reflected in the intensity 

measured in the photodiode. As the blade has a sharp edge, it should not produce odd 

diffraction patterns that would alter the measurement on the photodiode. We know 

that when the blade sits at -σ and +σ, 84.1% and 15.1%, respectively of the intensity of 

the light reaches the photodiode. The center of the light sheet is located at the 

midpoint between -σ and +σ. The calibration procedure consisted on setting a voltage 

value on the galvanometer, then finding -σ and +σ by means of the micrometric stage 

                                                           
17 The resolution of the measurements displayed by the micrometric manipulator is of 1um. 

 

Figure 12. Fine calibration of the galvoscanner. The graph presents the position of the center of the 

light sheet as a function of the input voltage on the galvo. The positions appear as an absolute distance 

from a reference point which remained unchanged for all the measurements. An iteration refers to 

acquiring the data for all voltage values without repeating the measurement on any value. The data 

were acquired in different orders in each iteration. The iteration number does refer to the order in 

which iterations were performed. Iterations follow linear trends, although they exhibit displacement 

over time.  
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and the photodiode, and finally calculating the position of the center. Data in figure 12 

were acquired in this fashion. The slopes for the five linear regressions in figure 12, as 

well as the average of the slopes and their standard deviations are presented in table 

1. 

Iteration m[um/V]         

0 115 

1 125 

2 127 

3 126 

4 139 

mavg[um/V]         stdv(m) [um/V]         

126 8,5 

 

Table 1 summarizes the results from the fine calibration. The calibration constant for 

our galvoscanner is  mavg  =126 ± 8.5 um/V. 

Note that in figure 12 the data points exhibited a displacement in the same direction 

of ~20um per iteration. This might lead to think of an error of some kind originating 

in the measuring procedure or in the galvanometer itself. In a previous work by other 

laboratory members, it was discovered that the system has some thermal instabilities. 

They pointed out that these thermal fluctuations increase as time advances, because 

the electronics in the system begin to heat up [8]. In our measurements we have not 

detected an increase in thermal noise in the galvoscanner with time (if the origin of 

the error were thermal noise we would not expect that from one iteration to the other 

the displacement was always in the same direction). However, we have detected 

hysteresis in the position of the light sheet as cycles of rotations are performed by the 

galvoscanner. This hysteresis might come from the measurement technique rather 

Table 1. Calibration constant for the galvanometer. The table contains the values of the slopes of 
the linear regressions shown in figure 14. The average of the five slopes is mavg = 126 um/V and their 
standard deviation stdv(m) = 8.5 um/V. 
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than form the galvanometer itself. Thus, it is possible that the error come from the 

micrometric stage from Sutter Instruments.  

ii. Light sheet  waist calculation 

We have calculated that, using a NA = 0.25 illumination objective, the waist of the light 

sheet will be, in the ideal case, of ~1um. Besides this, we have a standard error on the 

location of the light sheet of 8,5um/V. For typical light sheet displacements of ~0,1V 

the resulting error will be 0,85um. 

 

D. CONCLUSIONS 

The time resolution of our optical sectioning is 6.6ms, that is the time that one 

displacement of the galvanometer takes. Bear in mind that each plane that is to be 

illuminated, must receive excitation light for a longer period to improve contrast.  

We can, in the ideal scenario, illuminate planes of ~1um in depth with an error in the 

localization of the desired plane of 0,85um. It is important to measure these values 

experimentally, but we will leave it as future work.  

We have detected hysteresis in the position of the light sheet after several rotation 

cycles are performed on the galvoscanner. We do not know yet, however, whether this 

hysteresis comes from the galvoscanner itself or from the micrometric stage used in 

the measurements. We need to perform experiments on the micrometric stage alone 

to detect if the hysteresis is originated in this instrument. In case it is not, corrections 

must be made because the displacement from one iteration to the other was of 

~20um.  
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IV.  DETECTION SYSTEM 

The detection system is in charge of recording the light field produced by the sample. 

This chapter will deal with the design considerations, the procedure to set up the 

system, and the preliminary results on the first light fields that were captured.  

 

 

 

Figure 13. Detection system. The 

detection system captures the 

fluorescence that the sample 

emits and the excitation light it 

reflects. We use infinity-

corrected objectives for the 

detection, followed by a dichroic 

beam splitter. The reflected 

excitation light (blue) is focused 

by a tube lens onto a CMOS 

camera, used for focusing and 

navigation. The fluorescence 

light (green) continues to a 

tubelens. At the back focal plane 

of the tube lens we have placed a 

microlens array that enables us 

to capture light fields, followed 

by an achromatic pair acting as a 

1:1 relay system, which finally 

projects the light field on a CCD 

sensor. The focal lengths of some 

relevant optical elements are 

indicated with arrows. 

Although not part of the 

detection system, the white-light 

transversal illumination system is 

included in this figure because it 

is fundamental for the 

construction of the detection. It 

is formed by a light source, a 

diffusing collector and two 

apertures, and it should produce 

both collimated paraxial light and 

diverging light. 
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A. DESIGN OF THE DETECTION SYSTEM 

We have designed the detection system with two goals in mind: 1) improved time 

resolution compared to a regular LSFM by means of registering several planes in a 

single exposure and 2) single-cell resolution.  The first goal is achieved by improving 

axial resolution in the microscope, while the other demands a spatial resolution. 

Remember from the chapter on microscopy that in a light field microscope, the 

product of these two is limited by diffraction. What we want to achieve is having an 

axial resolution of ~20um, being able to distinguish at least 10 non-overlapping 

planes, and a spatial resolution of ~10um. This will allow us to achieve single cell 

resolution with enhanced temporal resolution. 

For the detection system we have used two different objectives and propose to use a 

third one. We have used a 10x 0,25 infinity corrected air objective (Leica), exactly the 

same as the illumination objective.  This objective has an image-side f/# = 20 [4],  a Nu 

= 15 and a 𝐷𝑂𝐹𝑃𝑒𝑟𝑠.  𝑣𝑖𝑒𝑤𝑠 = 96um, with 150um microlenses. That is, it should allow us 

to distinguish up to 15 non-overlapping planes, each with a depth of field of 96um in 

our reconstructions. The reconstructed images will have a spatial resolution of 10um, 

enough to image individual cells or beads under mid concentrations. The depth of 

field of each plane is too large and, in practice, we cannot count with a sample over 

1mm deep. We have also used a 10x 0.3 infinity corrected water immersion objective 

(Leica), which has f/# = 16,7,  a Nu = 18 and a 𝐷𝑂𝐹𝑃𝑒𝑟𝑠.  𝑣𝑖𝑒𝑤𝑠 = 79um, Res = 8,4um. We 

propose to use a 40x 0,8 infinity corrected water immersion objective (Nikon) that we 

have at hand, which has f/# = 25,  a Nu = 12 and a 𝐷𝑂𝐹𝑃𝑒𝑟𝑠.  𝑣𝑖𝑒𝑤𝑠 = 8um, Res = 12,6um. 

Due to limitations on the available material, we have used a dichroic (510 Long Pass, 

Zeiss) as a beam splitter. This is not ideal because the two cameras in our system will 

detect spectrally different views of the sample. Fluorescent features will be visible in 

the light field detection but not in the orthographic detection. It is important to 

replace the dichroic with a non-wavelength dependent beam splitter. 

We included a 400mm principal tube lens in the design (Edmund Optics #47-650) to 

increase the f/# of the system so that it matches the f/# of the microlenses. From the 
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objective to the back focal plane of the tube lens we have used a caging system 

(Thorlabs and custom made) to prevent optical elements from displacing and light 

from entering the optical path.  

 

Following figure 14, we inserted a 10mmx10mmx1.2mm fused-silica mounted 

microlens array (Thorlabs MLA150-5C-M) at the back focal plane of the principal tube 

lens. The mount is circular and compatible with standard 1” optic mounts, with a 

9mmx9mm square window for the microlenses. The microlenses have a pitch of 

150um, a diameter of 145um, a focal length18 f = 5.2mm, a chrome mask, and are 

distributed on a square grid with a fill factor of 74.5 % (to review in detail the 

                                                           
18 Note that the focal length is shorter than the distance from the flange to the sensor in a typical 
scientific C Mount camera. 

 

Figure 14. Ray tracing for the 

detection system (without relay 

pair). The main optical elements of 

the detection system are included 

in this ray tracing diagram: sample 

–which is the light source-, 

detection objective, tube lens, 

microlens array, and camera sensor 

Different bundles of light are 

colored differently. In a, divergent 

light from a point or diffuse source 

or from a fluorescent bead spreads 

in all directions. It is focused by the 

detection objective and the tube 

lens onto the microlenses, and then 

onto the pixels in the camera. In 

this scenario, the group of pixels 

behind each microlens receive light. 

In b, paraxial collimated light from 

Kohler illumination is focused by 

the detection objective and leaves 

the tube lens parallel to the optical 

axis. The microlenses focus the 

parallel rays, so a matrix of points 

appears on the sensor. (Modified 

from Levoy, 2006, Optical recipes 

for light field microscopes.) 
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properties of microlenses, address Appendix I: Lenses). We place the mounted array on 

a 5-axis kinematic mount (Thorlabs K5X1) that allows for displacement along three 

axes and rotations along two axes. This is extremely important to ensure proper 

alignment of the microlenses (they should lie as perpendicular to the optical axis as 

possible, adequately centered along the optical axis, and with their back focal plane 

focused on the camera sensor). Given that the displacements for which the 5-axis 

kinematic mount allowed fell short for our needs, we placed the mount on a 

translational stage to extend the precise displacement along the optical axis. 

We use a relay pair to project the image that the microlenses produce on the CCD. The 

relay we use is an achromatic pair of equal front and back focal lengths, f = 100mm, so 

that the resulting magnification19 of the relay is 1:1 (Thorlabs MAP10100100-A). We 

mounted the relay pair on a small translational stage to precisely set its distance to 

the camera, as the latter is heavy and cannot be moved with precision easily, in order 

to bring the magnification close to 1:1. The front focal plane of the relay coincides with 

the back focal plane of the microlenses. The back focal plane of the relay pair sits on 

the sensor of the principal camera. The relay pair is needed due to the very short back 

focal distance of the microlenses, which makes direct projection from the microlenses 

on the cameras sensor technically very difficult.  

The principal camera receives the light from the microlenses, and is a cooled CCD with 

a sensor of 1530x1020 pixels at 9um square (SBIG ST-8XMEI). The quantum efficiency 

of the camera varies significantly along the visible spectrum, but is above 50% in after 

500nm and reaches a maximum of 83% at 635nm. The camera, which was designed 

for applications in astronomy, has a minimum exposure time of 120ms, with a readout 

time of ~3s for the complete frame20. The camera can be cooled down by means of a 

Peltier (which is cooled down by air itself) to down to 35°C below ambient 

temperature. This camera should be temporary, as the principal purpose of this setup 

is to increase temporal resolution of the system, which is usually not an issue in 

                                                           
19 In practice the effective magnification differs due to limitations on the setup construction. 
20 Of course, this camera imposes strong limitations on the temporal resolution of our setup, but it is 
only for proof-of-principle tests. The microscope will eventually count with a camera with shorter 
minimum exposure and read-out times. 
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astronomy. Even with its limitations, the camera has an adequate pixel and sensor 

size, a low thermal noise and a high sensitivity. 

After the insertion of the microlens arrays, the principal camera is incapable of 

focusing individual planes. This comes from the fact that plenoptic cameras, after 

post-capture processing, do not take unfocused images. However, in the raw captured 

image, it is very difficult to distinguish planes in focus, or even features in the sample. 

Ideally, a light field microscope should have a way to toggle between light-field view 

and orthographic view. This is the reason to insert the beam splitter after the 

detection objective. The light that was reflected from it was focused by a second tube 

lens, a 25mm Dia. X 100mm FL achromatic lens (Edmund Optics #47-641), to focus it 

on an uncooled, 1280x1024px CMOS camera with a Bayer filter (Motic 1000). This 

camera has a maximum readout speed of 30fps at 640x480px. We have chosen this 

camera because of the fast image acquisition, ideal for focusing and navigating the 

sample.  

 

B. SETUP OF THE DETECTION SYSTEM 

In the previous chapter we described how to put up a light sheet microscope. Based 

on that we will present how to build the detection system for a light field microscope, 

in steps: 

1. Find the back focal plane of the tube lens.  

To do this mount the tube lens and attach the mount to a caging system. The length of 

the caging system should be adjustable, but it should be close to the focal length 

reported by the lens’ manufacturer. Attach a camera with a fast read-out to the other 

end of the caging. It is important that the read-out allows for recording a frame at 

least at 5Hz to be able to properly adjust the length of the caging. This is a telescope. 

Point the telescope to infinity (i.e. an object far away: we have used buildings several 

blocks away). Fix one end of the caging and very gently move the other end until a 

sharp image appears. Screw the caging system to fix this distance. Once this has been 
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achieved, the camera’s sensor sits at the back focal plane of the tube lens. You may not 

find the back focal plane of the tube lens using your eyes instead of a camera because 

of the dynamic focus exhibited by the crystalline lens in your eyes. 

2. Insert an objective and place a sample. 

Extend the caging system towards the front in order to hold an infinity corrected 

microscope objective21. The distance between the back focal plane of the objective and 

the principal plane of the tube lens should be between 110mm and 170mm. Fix the 

distance around 140mm to leave room for corrections in both directions, should they 

be needed. By this point one has a working microscope. Place a sample in front of the 

objective roughly one working distance away from the surface of the lens22. The 

sample should be held by a micromanipulator, either manual or electronic, to permit 

adequate focusing. Displace the sample along the optical axis until it appears in focus 

in the camera. Fix the sample’s position, it should be on the optical axis of the 

illumination system. 

3. Place a relay lens and the principal camera. 

Before inserting the relay pair, take a picture of the sample. Ideally, the sample should 

be flat and have a high contrast, like the small lines in fine rulers. This photograph will 

be used to measure distances and to verify that, once the relay pair is inserted, the 

magnification of the microscope is the same23.  

Measure the distance from the end of the caging to the camera’s sensor; remember 

that that is where the back focal plane of the tube lens lies. Remove the camera from 

the caging. Locate the relay pair one focal length away from the back focal plane of the 

tube lens. Bear in mind that, as relay pairs come in special mounts, the manufacturer 

often provides a distance measured from the edge of the mount. Place the camera so 

that its sensor is roughly one focal length behind the relay pair. Move both the relay 

                                                           
21 At least for the construction of the setup, it is more practical to use a low magnification objective. 
22 Actually, as one already has a LSFM, the location for the sample is already fixed. Move the objective 
and the caging system accordingly to adequately fix the distances. 
23 In this case an M=1:1 relay lens is used. Otherwise, the magnification of the microscope should 
account for the magnification of the relay lens. 
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and the camera along the optical axis until a sharp image appears on the camera. 

Measure distances in the sample and compare them to those in the photograph that 

was acquired before. Make sure that the ratio of the distances in the images agrees 

with the magnification of the relay pair. Correct the positions of the relay and the 

camera until the effective magnification is close to its reference value. Carefully check 

that both the camera’s sensor and the relay are centered with respect to the optical 

axis of the detection system, otherwise strong aberrations may and (experience has 

taught us) will appear. 

4. Insert a second camera 

As we have mentioned before, this camera that we have already installed will be 

incapable of focusing once the microlenses have been installed. Therefore we need a 

second camera through which we can locate and focus the sample.  

To do this, first insert in the infinity corrected section between the objective and the 

tube lens a beam splitter at 45° with respect to the optical axis. The beam splitter will 

reflect light creating a second optical axis perpendicular to the previous one. Along 

this new optical axis insert a second tube lens and fix its position. Make sure that the 

distance between the principal plane of this tube lens and the back focal plane of the 

objective is in the infinity-corrected range. Approximately one focal length away from 

the tube lens place the second camera. Displace it along the optical axis until a sharp 

image is formed. The second camera should be imaging the same section of the sample 

as the first camera, although the magnifications might be different (this is not 

something to be concerned about). If they are inspecting different areas of the sample, 

displace the second camera vertically or horizontally (without losing focus) until both 

cameras observe the same. Fix the position of the second camera.  

5. Insert the microlens array 

Have in mind that the setup is extremely sensitive to the position and the orientation 

of the microlens array with respect to the optical axis, the relay pair and the camera. 

To ensure that adequate alignment can be achieved make sure that the array is 

mounted on a 5-axis kinematic mount and on a translational stage. 
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The microlens array should be located roughly at the back focal plane of the tube lens. 

Because the 5-axis takes up some space, it might be necessary to move the rear end of 

the caging system towards the tube lens to make some room for it (make sure that the 

tube lenses, the beam splitter, and the objective are fixed on the table; all you want to 

move is the rear end). Displace the microlens array until its chrome coating is a 

conjugate image plane of the sample24. The resulting image in the principal camera 

will be that of the original sample with the microlens grid superimposed (both things 

should be in focus), as seen in figure 15. 

 

6. Adjust the white trans-illumination 

It is important that all the microlenses are uniformly aligned. Ideally one should have 

Kohler illumination. A simpler setup may consist of a punctual light source and two 

apertures. Having a punctual light source might be difficult in practice, but this can be 

                                                           
24 That means that the chrome coating sits in the front focal plane of the relay pair or, equivalently, in 
the back focal plane of the tube lens. 

 

Figure 15. Insertion of the 

microlens array. When the 

microlenses are inserted in the 

back focal plane of the tube lens, 

which is the same as the front 

focal plane of the relay pair, the 

chrome coating of the 

microlenses is a conjugate image 

plane to the specimen. In this 

photograph, taken with the 

principal camera, we see the 

sample (dark ink on a frosted 

slide) with the microlens grid 

superimposed. 

The angular orientation of the 

array should be as horizontal as 

possible. All microlenses should 

appear as circles, not as ellipses, 

which indicates that the array is 

orthogonal to the optical axis. 
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solved by means of a diffusing collector. The two apertures are very important to 

collimate the light.  

Illuminate the sample with well-collimated white light, as shown in figure 14-b All 

microlenses should be illuminated evenly. Verify that all the array is perfectly 

perpendicular to the optical axis (if it is not perpendicular, some microlenses will look 

as circles while others will look more elliptical) and that it is centered (if it is not some 

of the array will be projected outside of the sensor). 

7. Find the back focal plane of the microlenses 

Still using collimated trans-illumination, insert a color filter25 before the microlenses. 

By means of the translational stage on which it is mounted, displace the microlens 

array away from the relay pair and towards the tube lens approximately one 

microlens’ back focal distance. The purpose of this is to image the back focal plane of 

the lenslets. When this is achieved the camera will detect a matrix of small dots[32], 

each corresponding to one microlens, as in fig. 16. It is very important that you fix the 

microlenses to the position where the cast the most dot-like26 pattern on the camera. 

Once again, verify that all lenslets produce the same pattern. If they do not, adjust the 

angular orientation of the array. 

                                                           
25 This is optional, but it is recommended to insert a red monochromatic filter to enhance diffraction 
from the microlenses. 
26 If the lenslets are not circular other shapes are to be expected. 

 

Figure 16. Back focal plane of the 

microlenses. When the microscope is 

set as in figure 14-b, a point should be 

illuminated behind each microlenses, as 

in this image. To enhance diffraction, a 

red filter is used. 

The matrix of points is tilted, which 

means that either the camera or the 

microlens array is not straight.  
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8. Capture a light field 

Open the irises in the trans-illumination system. The camera should record a matrix of 

bigger circles that do not overlap. If they do overlap, there is an f-Number mismatch 

between the lenslets and the objective. The chrome should appear blurry while all 

circles are evenly illuminated. If they are not, it might be because the lenslets do not 

sit exactly at the back focal plane of the tube lens. Move the tube lens accordingly until 

even illumination is achieved [32]. Another option is to use fluorescence illumination 

to improve contrast. You will notice that some bright features appear behind several 

microlenses, as in fig. 17. 

 

After this point the setup is ready to be used. The microscope will be able to capture 

light fields, but these have to be processed with software to render volumes, focal 

stacks and new perspective views. Another important point is the full coordination 

between the illumination and the detection system: the goal is to have the illumination 

 

Figure 17. Recording the 

light field. When the back 

focal plane of the 

microlenses is imaged by 

the sensor, and rays 

traveling in every direction 

are allowed, we may 

capture the light field. This 

photograph was captured 

by the principal camera. It 

depicts the light field 

produced by fluorescent 

beads embedded in agar, an 

excellent probe sample.  

Note that some fluorescent 

features spread across 

several lenslets, which is the 

signature of the axial 

position of the fluorescent 

beads. 
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scan several planes under only one exposure of the camera. This will be addressed in 

the following chapter. 

C. RESULTS 

Figure 17 demonstrates that we have learned how to capture a light field from a 

fluorescent sample. We are convinced that we are effectively dealing with light fields 

because of the spread of light on several microlenses from one bead [33], which 

indicates signatures of axial positions. We also know from this photograph that the f–

Numbers of the microlenses and the detection objective match because the 

projections of the microlenses on the camera sensor cover most of the area without 

overlapping [29]. We are certain that our alignment is correct thanks to figure 16, 

which demonstrates that our principal camera is capturing the back focal plane of the 

microlenses. Keeping the same microlens array and not taking into consideration the 

a priori information that we gain from the selective optical sectioning, we can adjust 

the trade-off between axial and spatial resolution by changing the detection objective. 

We can reach an axial resolution as high as 8um, with a spatial resolution of 12,6um 

and being able to resolve 12 non-overlapping planes with the 40x water objective. We 

believe that, by developing our own image processing software we will be able to 

improve the axial resolution of our system so that it behaves like 

𝐴𝑥𝑖𝑎𝑙 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  (
2𝑁𝐴𝑒𝑥𝑐

𝜆𝑒𝑥𝑐
+ 

𝑛(1 − 𝑐𝑜𝑠𝜃𝑑𝑒𝑡)

𝜆𝑒𝑚
)

−1

 

 which is the relation presented in the second chapter. We expect too that the computation 

simplifies and becomes more accurate thanks to the additional a priori information. 

D. CONCLUSIONS 

We have learned to build the detection system of our Light Field Light Sheet 

Microscope. We expect to have an axial resolution of at least 8um, a spatial resolution 

of 12,6um and the ability to resolve at least 12 non-overlapping planes, by using our 

microscope with existent software [6], [32]. We can acquire light fields in an exposure 

time of 120ms, with a read-out time of ~3s.  
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V.  A LIGHT FIELD LIGHT SHEET MICROSCOPE 

In the previous two chapters we have learned, first, how to set up a light sheet 

illumination system and, second, how to set up a light field detection system. In this 

chapter we will discuss how to put them together and how to analyze the data we may 

obtain from the complete setup. 

A. CAPTURING LIGHT FIELDS 

We began with a sample of green fluorescent beads. These beads have a diameter of 

6um, and, when excited with purple or blue light, emit in the green section of the 

spectrum. These beads were diluted to a concentration of 1nM in a suspension of low-

melting point agarose. The bead-agarose suspension was melted and put into glass 

capillary tubes, then left to solidify.  Once the agar solidified, the capillary was put at 

the sample position of the microscope while held by the micrometric manipulator 

(Sutter Instruments). The 405nm and 488nm lasers were turned on, and the AOTF 

was set to let both wavelengths through at high intensities. The 405nm laser was 

mainly used for collecting reflected light with the orthographic camera, as 

fluorescence from the beads was mostly transmitted by the dichroic beam splitter. 

The principal camera was turned on and set to cool to -10°C. The galvoscanner was set 

to its rest position at 2.5V in both mirrors. It was verified that the detection system 

had in focus the illuminated plane in the sample. Small corrections were made by 

displacing the detection objective along its optical axis. The sample was navigated to 

have an idea of the regions where the beads could be imaged. Then, the voltage on the 

galvoscanner was varied as to see how many non-overlapping distant planes could be 

imaged. We tried to image planes distant from each other to examine the size of the 

volume that the microscope can acquire in one exposition. We decided to image four 

planes, which corresponded to voltages of 2.5V, 2.0V, 1.5V, and 1.0V and positions 

along the detection’s optical axis of 0um, -64um, -127um, and -191um respectively. 

The focal plane of the detection objective is said to sit at 0um when it coincides with 

the optical axis of the illumination system. 
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First, each plane was exposed for 120ms to complete one exposition of the camera. 

Four of such photographs were acquired, and they are presented in figure 18. 

 

Second, the four planes were illuminated during a sole exposure of the principal 

camera. The light field coming from the four lit planes was recorded in a photograph, 

corresponding to figure 19-left. This photograph was produced by illuminating each 

plane during 20ms, then displacing the galvoscanner to illuminate a new one. The 

total exposure of the photograph was 120ms. This photograph was contrasted with 

the superposition of these four photographs, shown in figure 18. The comparison is 

exhibited in figure 19. 

Although the comparison did not yield two exactly equal photographs, it can be seen 

that some noticeable features appear in both of them. Contrast appears to be better in 

the multi-plane, single-exposure photograph, probably because the agar was 

 

 Figure 18. Four independent expositions. The light field was captured for each of four different 

planes located at positions z = 0u, -64um, -127um, -191um. The four frames are presented in the right 

section of this figure in a pseudo-color scale to indicate z-position. They were merged to produce a 

single frame containing the information of the other four, shown at left. 
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illuminated for shorter time resulting in less scattered light. We do this mainly to 

qualitatively verify that our method of illuminating multiple planes behaves as 

expected. 

B. RESULTS: COMPUTATIONAL ANALYSIS OF LIGHT FIELDS 

We proceeded to analyze computationally the light field captured in the picture 

obtained by illuminating the four planes during only one exposition of the camera. We 

used a software called LFDisplay (Light Field Display). The software was developed by 

Levoy and his team, aiming to produce perspective views after a captured light field 

[32].   The software receives as an input the light field projection and the optical 

features of the microlenses and the objective, while it returns as an output a rendered 

volume containing the light sources (which are the fluorescent beads), which can be 

rotated as desired to produce new perspective views. We present, in figure 20, the 

results of the computational rendering of the observed volume in the form of five 

different perspective views: front, right, left, top, and bottom.  The parallax that 

appears in triplets of beads shown in figure 20 demonstrates that different beads are 

located at different depths. Light sources placed at larger depths exhibit less 

movement under different perspective views.  Different perspective views in figure 20 

correspond to slight rotations towards one of the four directions: left, right, top, and 

 

Figure 19. Comparison for multiple-plane exposures. Left. Single exposure capturing the light 

from the four lit planes. Right. Digital superposition of the four independent exposures, one 

for each lit plane. The two images exhibit roughly the main features. 
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bottom. This is our first approach to rendering volumes from light fields. Our final 

objective is to obtain different focal planes from the captured light field. For the time 

been, however, we are satisfied with rendering volumes from a single exposure. We 

intend, as future work, to write a computer program that performs this analysis, 

produces focal stacks, and that incorporates the information on the localization of the 

lit planes. 

C. CONCLUSIONS 

We have captured light fields produced by volumes of punctual light sources. These 

light fields correspond to the light emitted by the fluorescent beads in four non-

overlapping planes illuminated during a single exposure of the camera. We have also 

 

Figure 20. Perspective views of the rendered volume computed after the light field. Five 

different perspective views for the computed volume of the light field shown in figure 19-left. 

The yellow and red rectangles show triplets of beads. Each frame represents a different view: 

a. top, b. left, c. front, d. right, e. bottom. Note that in the rectangles, the three beads appear 

in different relative positions, which is demonstrated by parallax 
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used these light fields to render volumetric maps of the light sources by means of 

computational analysis performed in LFDisplay. We have demonstrated that we are 

effectively rendering volumes by appreciating parallax in different perspective views.  

We leave as future work writing a computer program that performs this analysis, 

produces focal stacks, and takes into account the a priori information that we have on 

the localization of the lit planes.  
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VI. CONCLUSIONS 

We have learned how to build and design a fluorescence illumination system that 

performs selective plane illumination, by means of a galvanometer with a mirror 

attached and a beam expander. We have calibrated the galvanometer in order to 

characterize the displacement of the light sheet as a function of the input voltage. This 

relation is as follows: d(V) = (126 ± 8.5 um/V)*applied voltage. 

We have learned how to build a detection system that captures light field by means of 

an inserted microlens array. We have included the instructions to build such a 

detection system in this document.  

We have built a Light Field Light Sheet Microscope. 

We have simultaneously illuminated several planes under a single exposure of the 

camera, and we have captured the light field from volumes illuminated in this fashion. 

We have reconstructed this light field using LFDisplay to produce different 

perspective views of the sample. These perspective views exhibit parallax, indicating 

that we can acquire information from out-of-focus light sources. 
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Figure 15. f-Number of a lens. The f-Number of a lens is the ratio between its focal length f and its 

aperture D. In this figure two lenses with different f-Numbers are presented. In both subfigures, 

apertures are represented by bold vertical lines; rays of light are shown thin and blue. a Lens with a low 

f-Number (=1) and a wide cone of light. b Lens with a higher f-Number (=4) and a narrow cone of light. 

 

Appendix I 

LENSES 

i. Properties of lenses 

Understanding the basic properties of lenses and objectives is indispensable for 

optical microscopy. We present brief explanations of the most relevant concepts to 

our work. An additional motivation for this is the limit imposed by diffraction on the 

product of axial and spatial resolution, which we described in the Theoretical 

Framework. These two resolutions depend strongly on properties of both the 

detection and the illumination objectives.  

f-Number: The f-Number, or focal ratio, of a lens is defined as  

𝑓 / # ≡
𝑓

𝐷
 

where f is the focal length and D its diameter, as shown in figure 15. This number 

gives an idea of the relative aperture of a lens; this is how wide the cone of light that it 
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can capture is [34]. It is compulsory that some optical elements have matching f-

Numbers. 

Numerical aperture: The light-gathering power of a lens is given by the 

dimensionless number NA2, where NA is the numerical aperture of the system. 

𝑁𝐴 = 𝑛 sin 𝜃𝑚𝑎𝑥  

The numerical aperture is defined as the sine of the maximum angle of the light that 

can enter the lens times the refractive index of the medium in which the lens is 

working. 𝜃𝑚𝑎𝑥  is the half angle of the cone of light that can enter the objective, 

therefore the numerical aperture is related to the f-Number of the objective. Indeed 

they follow the relation [4], [34] 

𝑓/# =
𝑀

2(𝑁𝐴)
 

Objectives with higher numerical apertures can gather more light and have better 

resolutions at the cost of shorter working distances. In general, high numerical 

apertures also come with high magnifications: low-magnification high-numerical-

apertures are very costly. For most purposes, objectives with high numerical 

apertures are desired. 

Field of view: The f-Number and the numerical aperture include in their definitions 

the size of the cone of light that an objective can capture. This cone of light is the Field 

of View of the optical system. The Field of View indicates the extent of the world that 

can be observed by the objective, and it encompasses a solid angle [35]. Objectives 

with larger Fields of View can observe angularly bigger sections of the sample. 

Depth of Field: The Depth of Field of a lens is its ability to maintain a desired amount 

of image quality (spatial frequency at a specified contrast) without refocusing, if the 

object is positioned closer to or farther from the focal plane [36]. The Depth of Field 

indicates the depth of the slice that is adequately focused at each time. What adequate 

focus is must be set by the microscopist, which is why we refer to a desired spatial 

frequency at a specified contrast.  Note that in a light field microscope post-capture 
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artificial focusing will allow to obtain adequate focus in regions of the sample outside 

the Depth of Field of the detection objective. 

ii. Microlens Arrays 

The history of microlenses begins with Robert Hooke, who was the first to introduce 

and use very small lenses to produce magnified images of insects, as he described it in 

his work Micrographia in 1663. These lenses were fabricated by melting small 

filaments of glass and then allowing surface tension to induce the spherical shape on 

the lenslet.  Further improvements came with Stanhope, who was able to manufacture 

lenslet that were curved on one side and flat on the other face [37]. Later, in 1908, 

Gabriel Lippmann assembled arrays of Stanhope’s lenses with the purpose of 

recording and reconstructing images of 3D objects using a process that he called 

integral photography [3], [37], [38]. More recently, as the benefits of photonics over 

electronics are put into practice, the development and popularization of microlens 

arrays has rapidly accelerated. Although the number of applications of microlenses 

has increased at a fast pace as well, they can be sorted into three main categories: 

beam shaping, imaging, and coupling [38]. In this work we take advantage of the initial 

proposal of Lippmann, which was later enriched by Levoy and his collaborators. We 

rely on their ideas to pursue a novel improvement for the imaging application of 

microlens arrays.  

Microlens arrays are fabricated by means of various techniques, which include self-

assembly of precipitated spherical crystals [39] or organic liquids [40], thin film 

deposition [41], optical lithography [42], and focused-ion beam microfabrication [43]. 

All these techniques, although some with greater precision, allow for high quality 

resulting optical properties of the microlens arrays, while some are easier to 

implement than others. We count with microlens arrays manufactured by 

photolithography and resist coating [42].  

There are several crucial properties of microlenses within an array. We will first list 

them to later describe them. These properties include: focal length, lens diameter, f-

Number, surface shape and roughness, fill factor, reflectivity, and homogeneity. Figure 
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Figure 16. Schematic of a microlens array. Left Side view of the array. Lenses are 

semispherical and planoconvex, which yields different front and back focal lengths, labeled as 

fE,f and fE,b, respectively. The height of the spherical section is labeled as h, while the thickness 

is named T. The diameter of the microlenses is 2a. Right Front view of the Microlens Array. In 

this cases the lenslets are placed on a rectangular grid, as is the case of the arrays that we have 

at hand; however they could also be placed on a hexagonal grid, for instance. The microlenses 

are circular spherical in this schematic, but they could also be square parabolic. Cylindrical 

lenses, square or circular, are also used in some applications. The horizontal spacing of the 

microlenses is given by px while the vertical spacing is by py. The width and height of the array 

are expressed by L1 and L2, respectively. Note that in this particular case not all the array area 

is covered by microlenses; the percentage of the array area that is effectively covered by 

lenses is called the fill factor. 

16 [37] depicts a typical microlens array, with its main characteristic distances 

indicated. 

Focal length: Most arrays have planoconvex semispherical lenses, this means that 

they are curved on one side but flat on the other. This yields a front focal length and a 

back focal length that are different between them. The back focal length has a 

particular importance because it determines the position at which the camera’s 

sensor must be placed. In most cases, small lenses come with short focal length, 

usually in the order of few millimeters.  These focal lengths are usually too short when 
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compared to the typical mounts in scientific cameras. These cameras often count with 

C Mount specifications, this means that the flange focal distance, that is the distance 

from the metal ring on the camera to the active sensor is 17.526mm. Under most 

circumstances it is undesirable to insert the microlens array in the camera body so 

that it is located one focal distance from the sensor because that makes very difficult 

the proper positioning and alignment of the array27. To compensate for these very 

short back focal lengths one can use matched relay lens pairs or macros. We have not 

mentioned the front focal length of microlenses because it is not relevant for our 

purposes. 

Lens diameter: The diameter of the lens is given by 2a in figure 8. This distance 

impacts the f-Number of the lenslet, as well as its total size. Smaller lenses means 

more lenses in the array, but it also means that less light passes through each lenslet 

and that each resulting image is smaller and covers less pixels in the sensor, as we 

have noted in the previous subsection on the diffraction limit. The lens diameter can 

be smaller than the lens pitch, which is given by px and py. These two give the effective 

space that is assigned to each microlens, including the space in which the material is 

flat. 

Fill factor: Unless rectangular microlenses are used, one cannot cover the complete 

area of the array with lenslets. Thus we have sections that are not optically active. 

Ideally, one would like to differentiate the optically active areas. This is done, in most 

cases, by covering the flat sections of the array (the ones that are not optically active) 

with a reflective material, such as a chrome coating. The fill factor is a dimensionless 

quantity indicating the percentage of the area that is optically active. The larger the fill 

factor, the more light can be effectively detected. The fill factor depends on the filling 

pattern (square, hexagonal) and the shape of the lenses (square, circular, elliptical).  

Reflectivity: Microlenses should ideally let through all of the light that impinges on 

them. This is not the case due to the reflectivity of the material and to the coatings on 

                                                           
27 In general, one should avoid to expose the sensor and the inner part of the camera to external sources of 
contamination. Inserting the microlens array could potentially damage the electronics or introduce dirt to 
the camera. 
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the flat sections of the array. As more light passes through them, exposure times and 

noise in the recorded photographs diminish. 

Homogeneity: Not only it is important that the individual microlenses have a high 

quality, but also that they all are very similar from one another. The homogeneity of 

the array guarantees that the information one can collect form each microlens is not 

distorted. 
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