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Abstract: In optical microscopy, the intrinsic trade-off between resolution and depth of field
(DOF) prevents the observation of 3D samples, limiting the observable thickness to some
micrometers. The usual solution to this problem is to mechanically scan the object in depth.
However, this slows down the process and can induce vibrations in soft samples. To overcome
these drawbacks, we propose the use of an electrically tunable lens (ETL) based on electrowetting
effect. Specifically, we propose an extended-DOF microscope set up in a very compact architecture
in which full telecentricity is no longer achieved. On top of that, the axial scanning is carried
out by the non-afocal coupling between two M12 lenses and the ETL. The main feature of the
proposed extended-DOF microscope is that, despite its compactness, it can capture stacks of
images with long depth range, constant magnification and a spatial resolution that equals that of
the standard microscope and remains invariant along the depth range. We also show that the
proposed idea can be implemented as an add-on attachable to any commercial microscope, which
enables the use of all the microscope facilities.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Nowadays, imaging thick 3D samples is widely used in those fields where visualizing small
complex structures is crucial. Optical microscopy is highly demanded for material engineering,
clinical research and biomedical applications, among others. In fact, optical microscopes allow
to resolve fine details of a sample. Nevertheless, the axial extension of a specimen that can be
imaged with high resolution, the so-called depth of field (DOF), is limited to some micrometers.
To observe a sample whose thickness exceeds this depth, it is thus necessary to carry out an axial
scanning.

A simple solution to this problem is to perform a mechanical scanning, in order to change the
focused portion of the sample. However, mechanical displacement subsequent effects, such as
vibrations and inertia, require a brief stabilization period, which slows down the capture process.
Additionally, they difficult the use of immersion objectives. Several methods have been proposed
to overcome the limitations of mechanical displacement of the sample [1], such as the use of
moving mirrors [2,3], deformable mirrors [4], or the insertion of a phase mask [5] or a z-splitter
prism [6] to extend the DOF. Fast scanning alternatives include the use of electrically tunable
lenses (ETL), spherical lenses whose face curvature, and therefore focal length, can be changed
by varying the voltage applied. The insertion of an ETL allows to perform an axial scanning of
the sample without mechanical movements. This characteristic makes it a cheap and convenient
solution to obtain an extended DOF (EDOF), retaining the resolution across a depth range several
times greater than the native DOF.

The performances of the diverse scanning systems based on ETLs depend on the design and
allocation of the optical components. In [7] and [8], the ETL is placed at a certain distance
from the microscope objective. For both works, the results show that the magnification and
resolution obtained are not constant. Furthermore, the relation between the control current of
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the ETL and the object plane shift is not linear. In [9] and [10], the ETL is placed attached to
the objective, to be as close as possible to its aperture stop, which is usually located inside the
objective. Not placing the ETL right at the aperture stop plane causes the magnification to slightly
change when the ETL focal length changes. Additionally, as commercial ETLs usually have
clear apertures smaller than the diameter of the aperture stop, the effective numerical aperture of
the objective is reduced, leading to a loss of resolution with respect to the native microscope.
Other systems include the use of one or multiple varifocal lenses to perform continuous scanning
and zoom [11-13]. These systems can achieve good results, but they are expensive and difficult
to manufacture and control. Besides widefield microscopy, ETLs have also been included in
3D systems such as confocal and lightsheet microscopes [14,15], among others. On the other
hand, less simple solutions include the use of acousto-optic components [16] and spatial light
modulators [17].

To overcome the limitations on the ETL clear aperture and location, in a previous work
published by our group, an afocal relay was used to conjugate the aperture stop with the ETL
[18]. The system was mounted on the optical bench, in double-telecentric configuration. In [19],
the same optical system is used and combined with speckle illumination, to obtain super-resolved
images with EDOF. Also in [20], an ETL is conjugated with the aperture stop to obtain EDOF. In
this case, the system was built harnessing the lateral port of a commercial microscope. It must be
noted that the system’s overall length introduces significant complexity in the alignment process.
This is a critical point, as minor misalignments on the setup might result in lateral displacement
between consecutive images of the captured stack.

In this work, we propose a compact EDOF microscope, based on the insertion of an ETL at
the exit pupil plane. The system captures a stack of images, each one focused at a different depth,
by varying the optical power of the ETL. We avoid double-telecentric configuration, with the
aim of facilitating the alignment of the system: the tube lens is placed as close as possible to the
microscope objective, to shorten the length of the system. Additionally, we make use of M12
lenses for the second relay system, as they are cost-effective and provide good optical quality
even with short focal length. We demonstrate that the system achieves constant lateral resolution
for the entire scanning range. Afterwards, we build an add-on attachable to the camera port
of a commercial microscope. We thus demonstrate that it is possible to convert a commercial
microscope into an EDOF microscope through a simple, portable and cost-effective add-on,
composed by the M12 lenses relay, the ETL and the camera. With this device, it is possible to
capture 3D images of thick samples, harnessing all the microscope facilities. We finally show
the images of 3D samples captured with this system, with different illumination techniques.
Consequently, we demonstrate both the 3D imaging capability of the device and its versatility. In
fact, the add-on can be used with all microscopy techniques available in the host microscope,
such as brightfield, darkfield, fluorescence and phase contrast microscopy.

2. Materials and methods

Modern optical microscopes can be schematized as the coupling between an infinity-corrected
microscope objective and a converging tube lens. An optical scheme is shown in Fig. 1. The
objective is designed to be telecentric in the object space. This means that the entrance pupil is at
the infinity, what is achieved by placing the aperture stop at the back focal plane. The objective
collects the light proceeding from the sample and sends its image to the infinity. The tube lens
focuses this image onto the digital camera sensor, which is placed at its back focal plane.

The aim of optical microscopes is to provide high-resolution images of the sample under
observation. The resolution limit, p, of the system is given by this formula [21]:
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Fig. 1. Scheme of an optical microscope. Ob is the microscope objective and AS is its
aperture stop. The tube lens, T, focuses the light onto the sensor of the digital camera, Cam.

where A is the wavelength of the light emitted or scattered by the sample, NA is the numerical
aperture of the objective, ¢ is the pixel size of the camera and M is the magnification of the
microscope (calculated as M = fr/fop, fop standing for the objective focal length and fr for the
tube lens one). For microscopes equipped with high-magnification objective, the resolution is
mainly determined by the NA, which can be approximated to the simple relation:
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2f ob ’

NA 2)
where Q45 is the aperture stop diameter.

Another important feature of the microscope is its DOF, which is the length of the axial
range of the sample whose image has a resolution similar to that of the object plane (the plane
conjugated with the sensor). Specifically, the limits of the DOF are defined as the depths at which
the resolution limit increases by a factor of V2 compared to its value at the object plane. The

value is calculated as
A )

—t —.
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There is, thus, a trade-off between the resolution and the DOF provided by the microscope. To
obtain high resolution (i.e. low resolution limit), a high-NA objective is needed, which leads
to small DOF (typically limited to some micrometers). This effect is indeed undesirable when
imaging a thick sample. In such case, only a thin slice is focused sharply and the rest of the
sample is imaged with strong blur. This blur affects the contrast of the acquired 2D image, and
its final influence depends on the type of the sample.

In order to obtain a high-resolution 3D image of a thick sample, it is thus necessary to perform
an axial scanning across all the sample depth, while acquiring a 2D image at every scanning
step. In this work, we make use of an ETL, a lens whose focal length can be controlled by simply
applying a voltage, for tuning the object-plane position. In this way, it is possible to scan the
sample along the axial direction without mechanical movements.

It is known that in case of a double-telecentric microscope, placing the ETL in the aperture
stop plane allows the capture of image stacks with constant magnification and resolution [18].
Double-telecentric means that both the entrance and the exit pupils are at the infinity. In a
microscope, double-telecentric condition is achieved by placing the objective and the tube lens in
afocal configuration. That is, with the front focal plane of the tube lens matching the back focal
plane of the objective (in which the aperture stop is located). However, this is not the case of
commercial microscopes, which are set up with the tube lens close to the objective, aiming to
achieve a more compact design.

DOF = 3)

3. Telecentricity analysis

At this point, it is necessary to analyse the impact of the lack of telecentricity on the resolution
and magnification. To perform the analysis in an easy way, we take advantage of ABCD matrix
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formalism [22]. This geometrical formalism assumes the paraxial approximation, but avoids
considering the limited size of optical elements. As for the wave-optics approach, it is also based
on the paraxial approximation (when Fresnel equations are used), but the limited size of elements
is the key parameter. However, when one intends to calculate the image position and conjugation
relations, both approaches provide similar results, so wave optics calculations are not necessary.
In fact, the wave-optics image is the same as the geometrical image but convolved with the PSF,
which derives from the wave behavior. According to the ABCD, the propagation of light beams
from the object plane to the sensor plane can be computed by the product in cascade of several
2x2 matrices, each corresponding to a different propagation step.

To perform the matrix computation we follow the scheme shown in Fig. 2, where we assume
that the ETL is set at the aperture stop plane, preceeding the tube lens at a distance d from that
plane. We also consider that the object is not at the front focal plane of the objective, but at an
arbitrary distance xo. Taking this into account, we can write

My = Pr_c XRy X Py X Ry X Mg, _pr X Po_p,,. (€]

ETL T Cam
Ob /

< y ol L »l »
T g F T

Xo fob fob d fr

Fig. 2. Scheme of the microscope with the ETL inserted in the aperture stop. The ETL’s
function is to collimate the beam proceeding from the objective when the object is shifted
from its front focal plane. The red arrow represents the object, shifted a distance xy. From
this scheme, the magnification of the system and the conjugation relation are derived through
ray transfer matrix analysis.

Here, My, is the matrix that describes the entire system. Matrix Po_f,, accounts for the
free-space propagation between the object position and the objective front focal plane. Matrices
P;_r and Pr_¢ account, respectively, for free-space propagation between the tunable lens (L)
and the tube lens (T), and between the tube lens and the camera (C). Additionally, Ry and Ry, are
the matrices that account for the refraction in the tube lens and the tunable lens. Finally, Mg, F,
is the matrix that links the front and the back focal planes of the objective. Subsequently, we

express this equation in an explicit form:

A B 1 —fT 1 o1 —-d 1 0 0 _fob 1 X0
0O 1 ||Pr 1|0 1 ||PL 1{|Pspr O |[O 1

Msys =

(5)
~frPo» JorfTPL — frPopXo
Pop (1 =dPr) —fop [Pr (1 —=dPL) + Pr] + Py (1 — dP7) X0

Here P stands for optical power, defined as inverse of the focal length (P = 1/f). According to
ABCD formalism, by setting the element B = 0 and solving the equation, we get the conjugation



Research Article Vol. 33, No. 5/10 Mar 2025/ Optics Express 9203 |

Optics EXPRESS i NN

relation, that is, the object plane that is imaged at the camera plane. This corresponds to the value

X0 = fo,Pp. (6)

From this equation we find that, as expected, when P; = 0 the object plane is set just at the
objective front focal plane (xg = 0). On the contrary, the object plane is shifted towards the
objective when P, is positive (converging lens), and in the opposite direction when negative.
In fact, positive values of xy correspond to the left-to-right direction, while negative values
correspond to the right-to-left direction (like in Fig. 2).

An additional insight derived from the entire matrix is that, provided that the conjugation
occurs, the element A of the matrix accounts for the lateral magnification, My, so that

_Jr
f ob ’

This is the classic formula for the microscope magnification, but the important point is that it
is obtained here to be independent from the value of xq. Thus, it is demonstrated that, to meet the
challenge of capturing stacks of microscopy images with constant magnification, and therefore
resolution, it is not necessary to use a double-telecentric configuration, but it is rather sufficient
to have telecentricity in the object space.

As is known, the aperture stop is located inside the objective. Therefore, in a laboratory
experiment it is not easy to place the ETL right at the aperture stop. Another problem comes from
the fact that the ETL effective aperture may be smaller than the stop diameter. This scenario can
have a doubly detrimental effect. First, the numerical aperture of the system would be reduced.
On the other hand, the use of the outermost parts of the ETL can reinforce the effect of optical
aberrations.

The straightforward solution is to use a relay and insert the ETL at a plane conjugated to the
aperture stop. As the objective and the tube lens are not in afocal configuration, the exit pupil is
not at the back focal plane of L1 (see Fig. 3), but shifted a distance y given by

My = (N

2
y= (%) (Fr - d). ®)

T L1 L2
AS ExP

l I
I :|: (DAS d)EXP]: I

p 3

F »t >t

d fr f, f, y

Fig. 3. The scheme to derive the exit pupil position when the microscope is not double
telecentric. L1 and L2 are the lenses of the afocal relay, and 7" and L1 are coupled afocally.
If the tube lens is placed close to the objective, the exit pupil is shifted further from L1, by a
distance y.

The scheme of the complete system is shown in Fig. 4(a). Again, we can calculate the ABCD
matrix, Mr, corresponding to this total system

My = Mg,_p, X ME,,—-F; X Po_F,,. 9
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It is straightforward to find that

~f1Pob 0
Mg, = ’ (10)
Poy (1 —dPr) ~foPr
and
~f2P1(1 = yPL) SifaPL
Mg, = ) . (1D
—P\P>Pry ~f1P2 (1 +yPy)|
Then )
M — PrP 1 x
M, - £ fifaforPTPL £ (12)
~MgPr(1 —dPr) Mg' (1+f:Pr(1-dPr))||0 1
where bt
2 Ir
Mg =217 (13)
E fl fob

Fig. 4. (a) The full optical scheme of the EDOF microscope. The system consists of an
object-space-telecentric microscope (Objective (Ob) and tube lens (T)), followed by an
afocal relay (L1 and L2). Lenses T and L1 are coupled, also, afocally. The ETL is inserted
right at the exit pupil. (b) The scanning microscope system mounted on the optical bench.
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After performing the last matrix product, it is immediate to find that the object plane position
is given by
AN o
xg = 7| fi,PL, (14)
Ir
and the lateral magnification is indeed equal to Mg, as defined in Eq. (13).
Another important parameter is the exit pupil diameter:

h

Jr

As mentioned above, the clear aperture of the ETL must be bigger than ®g,p, not to compromise
the lateral resolution of the microscope. Thus, an L1 lens with fj much smaller than fr is highly
recommendable.

Opp = ( )(DAS- (15)

4. Compact EDOF system

In order to reduce the overall length of the system, aiming at compactness and reduction of the
impact of small misalignments, we placed the tube lens as close as possible to the objective and
used short focal-length relay lenses. From our experience, typical 1-inch lenses with short focal
length (f <100 mm) do not have good imaging performances. On the contrary, M12 lenses are
indeed mini-objectives, which are composed by several singlets, and are characterized by having
short focal lengths and good imaging capabilities. Therefore, we decided to use one pair of equal
M12 lenses for the afocal relay. Note that the M12s are designed to conjugate, with a minimum
impact of aberrations, a distant object with the sensor, which is placed in the back focal plane of
the M12. This will be the case for the L, lens of our relay, but not for the L; lens. In the latter
case, the M 12 needs to conjugate its front focal plane to infinity. Thus the first M12 must be set
in reverse orientation.

The optical system is shown in Fig. 4(b). We used a 20x / 0.4 objective from Olympus
(PLN20x). Since it is designed for fr = 180 mm, we used a tube lens provided by Thorlabs
with that focal length (TTL-180A). For the relay, we chose f; = f, = 25 mm (M12-25-5MP
from Jetsun), to get a good trade-off between the system length, scanning resolution and depth
range (Eq. (14)). The second lens, L2, was chosen identical to L1 to maintain the magnification
equal to that of the native microscope (Eq. (13)). If a sensor with large pixel size were used, f>
should be chosen larger than f}, to allow the increase of the total magnification. In this way, the
influence of the pixel on the lateral resolution is reduced (Eq. (1)). The tunable lens was an A-39N
from Corning. This ETL is based on electrowetting effect [23,24]. It has a clear aperture of
®;, = 3.9 mm and its optical power-voltage relation is linear in the range P; € [-5, 15] D. With
the components chosen and following Eq. (15), the condition ®45<27.8 mm must be fulfilled to
maintain the resolution equal to that of the native microscope. This condition is met by all the
commercially available microscope objectives, which means that the system can work with all
potential objectives.

As the tube lens was placed next to the objective, the exit pupil was shifted away from L1,
following Eq. (8). A correct positioning of the ETL is fundamental to maintain the magnification
and resolution constant while Py changes. To experimentally place the ETL right at the exit pupil,
we illuminated the objective through a diffuser and then found the position of the plane at which
the sharp image of the aperture stop was obtained. Finally, the camera was a DFM 37UX250-ML
(from The Imaging Source), equipped with a CMOS sensor having 2448 x 2048 pixels of side
0 =3.45 um.

The essential optical components of any commercial microscope are the objective and the
tube lens. Thus, in a further step, we decided to implement the EDOF proposal in a commercial
microscope by attaching the second part of the system (L1, ETL, L2 and camera) to the camera
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port. To do so, two adjustments were needed. The first one was to adjust the position of the entire
add-on to make sure that the tube lens and the lens L1 were coupled afocally. This adjustment
was easy to realize. First, a thin sample was focused with the native microscope. After that,
the add-on without the ETL was inserted in the camera port and its position was changed until
the image of the thin sample appeared on focus. This ensures that the front focal plane of L1
matches exactly the position of the intermediate image (corresponding to the back focal plane of
the tube lens). The second one was to place the ETL at the exit pupil. This adjustment was made
in the same way that it was done on the optical bench. Specifically, a piece of paper was placed
attached to the ETL and the objective was illuminated through a diffuser. Then, the ETL was
moved until the image of the aperture stop appeared on focus on the paper.

The system mounted in a commercial microscope is shown in Fig. 5. The host microscope
used was a Nikon Eclipse TE2000-U. The add-on is just ~10 cm long. This configuration has
the advantage of easily exploiting all the microscope facilities, such as the illumination systems,
filters, sample stage and objective turret. In fact, as will be shown in the Results section, we used
it to image 3D samples with the EDOF system, with several different illumination techniques and
objectives.

Fig. 5. The EDOF microscope implemented by coupling the add-on with the ETL to a
commercial microscope.
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5. Results

First of all, we conducted a series of experiments with the EDOF microscope mounted on the
optical bench (Fig. 4(b)), to verify the invariance of its lateral resolution. In the first experiment,
we compared the lateral resolution of the EDOF microscope with the one obtained by the same
system without the ETL. To do so, we used a high-resolution target (#37-539 from Edmund
Optics, with measurable resolution limit up to 304 nm), placed at the objective front focal plane.

First, we removed the ETL and captured a sharp image of the resolution target. Then, for the
EDOF system, we re-inserted the ETL and we adjusted the voltage applied to this element, until
we got a focused image of the object (that is, we set the Vi corresponding to P;, = 0 D). The
images captured are shown in Fig. 6. The insets show the highest-frequency resolvable elements
with both systems. In this target, the frequency of each element is indicated in line pairs per
mm (Ip/mm). In Fig. 6(c), the intesity profile plots along the elements of the insets are reported
and compared for both systems. The visual inspection of the images and the comparison of the
intensity profiles confirm that the insertion of the ETL does not compromise the image quality.

[[E=

11 400

(©)  — withoutETL —— with ETL

f\,{ A f\, ,
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/’ v N v S
950 lp/mm 1050 Ip/mm 1150 lp/mm 1300 lp/mm 1400 lp/mm

Fig. 6. The images of a high-resolution target placed at the objective front focal plane.
(a) Image captured with the system without ETL. (b) Image captured with the ETL
having Py = 0 D. The insets show a detail of the highest-frequency resolvable elements.
(c) Comparison between the intensity profiles of both systems, at each of the frequencies of
the insets.

The next experiments were to confirm that the EDOF microscope provides constant magnifica-
tion and resolution across all its depth range. For this purpose, we mounted the high-resolution
target onto a motorized stage. We displaced the target along the axial direction at the distances
calculated through Eq. (14), varying P, from —5 D to +15 D by means of 5 D steps. Correspond-
ingly, we varied the voltage applied to the ETL, to control P;. The result is shown in Fig. 7.
Here, only the highest-frequency resolvable elements are reported for each image. Similarly
to the previous Figure, the intensity profile plots are also reported. In this case, for each plot,
the intensity obtained at each distance is reported. From the visual analysis of the images and
the intensity profile plots, we could confirm that the resolution provided by the system remains
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constant across the axial range, with a maximum resolvable frequency approximately equal
to 1300 Ip/mm. With the images captured in this experiment, we also calculated the system
magnification at each object distance. To do so, we considered 5 frequency elements (specifically:
450, 500, 550, 600 and 700 Ip/mm). As can be seen, each element consists of 9 lines (5 white
lines and 4 black lines between the white ones) of equal width. We extracted the number of
pixels corresponding to the 9 lines of each frequency element. Then, we multiplied the number
of pixels by the pixel size, to get the size of the 9 lines in the image space, and divided this value
by the corresponding size in the object space (9 times the width of a line of a specific frequency
element). We calculated an average of the 5 magnifications obtained at the 5 frequency elements
considered. We obtained an average magnification of Mg = 20.46, with maximum value of 20.50
and minimum value of 20.42. The variation between maximum and minimum values is therefore
~0.1%, which confirms the theoretical demonstration of constant magnification.

7.8 um — 15.6 pm — 234 um
a A\ ‘\/:'\ /“ 4 A ) ) ’
MW AW Ay
WA JVIN e
950 lp/mm 1050 Ip/mm 1150 Ip/mm 1300 Ip/mm 1400 Ip/mm

Fig. 7. Detail of the highest-frequency resolvable elements of the image of a high-resolution
target placed at different distances, captured with the EDOF microscope. The distance
indicated is given related to the objective front focal plane. To focus the target, Py is set
sequentially to P, = =5 D, 0 D,+5 D, +10 D, +15 D by controlled tuning of the applied
voltage. In the bottom line, the comparison between the intensity profiles obtained at each
distance is shown, for each of the frequencies.

Finally, we conducted experiments for the quantitative analysis of the optical performances
of the proposed system. For the spatial resolution, the slant edge method was used, which
provides an indirect measure of the modulation transfer function (MTF) of the system from a
single capture of a slant edge target (R2L2S2P from Thorlabs) [25]. Another advantage is that
from the same edge target image one can obtain the MTF at different heights of the field of view
(FOV). The slant edge target was mounted on the motorized stage and centered so that it passed
through the optical axis of the microscope. First, we obtained the edge image with the host
microscope (i.e., with the system consisting only of the objective and the tube lens). The MTFs
obtained at three different heights (0%, 50% and 70% of the FOV) are shown in Fig. 8, upper
left graph. This plot constitutes the ground truth of our proposal. The other five plots shown in
Fig. 8 were obtained with the EDOF system, after inserting the relay and the ETL. The images



Research Article Vol. 33, No. 5/10 Mar 2025/ Optics Express 9209 |

Optics EXPRESS N

were captured with the edge target placed at the same distances as indicated in Fig. 7, setting
Pr=-5D, 0D,+5D,+10 D,+15 D. As expected, the best results were obtained with the host
microscope. However, the EDOF system provided results very close to those, over the entire
depth range, specifically when considering the region of the graph where the MTF is greater
than 0.1. This confirmed that EDOF preserves, basically, the spatial resolution while greatly
extending the DOF.

Host microscope P=-5D P=0D
.04 .07, .04
bsl % -e-0% FOV o8l % 0% FOV osl - -e-0% FOV
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= = ) )
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Fig. 8. The MTFs of the host microscope and of the proposed EDOF system for five
different values of P;. The MTFs have been measured at three different heights of the FOV
(0%, 50% and 70%).

Concerning the FOV, in the case of the host microscope it was determined by the sensor
size. In our case, the sensor measured 8.44 x 7.06 mm, and therefore the FOV as evaluated
in the object space was 412 x 345 um. In the case of the EDOF system one should expect a
reduction in the FOV and also the introduction of some vignetting. To analyse this, we performed
a simple experiment: we placed a blank object at the object plane of the EDOF microscope and
we captured an image. Then, we averaged the intensity across several diameters of the circular
FOV. The result is shown in Fig. 9. From this figure, one finds that the FOV is now circular with
diameter 258 pm. The vignetting, measured as the number of pixels with an intensity that is
included between the minimum and maximum divided by the total number of pixels of the FOV,
affected the 15.5% of the field.

For the assessment of the 3D imaging capability of the proposed system, we used a 3D
calibration target, namely the Argo-HM slide V2 from Argolight. Specifically, we observed the
"Sphere" pattern, which consists of three circles of 50 pym diameter placed on three orthogonal
planes, representing the equator and two meridians of a sphere. As this is a fluorescent object, it
was imaged with the system shown in Fig. 5, to exploit the fluorescence illumination system of
the Nikon microscope. The objective used in this case was a 20x / 0.5 from Nikon (CFI Plan
Fluor 20x). The object plane was varied across all the scanning range of the proposed system
(31.25 pm), capturing one image for each APy = 0.335 D, which corresponds to an axial shift
of ~ 0.5 um. The results are shown in Fig. 10 for six different object planes. The images were
processed by applying a simple thresholding to remove the out-of-focus blur. Despite the basic
image processing, the images show good optical sectioning capability of the system.
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Fig. 9. Averaged normalized intensity across the FOV of the EDOF microscope.

Sphere Argo-HM 0.00 pm +3.14 pm +6.28 um +9.42 ym +12.56 pm +15.70 pm

Fig. 10. The sample "Sphere" of the Argo-HM test from Argolight. The leftmost figure is a
representation of the object. The remaining images (with black background) are captured
with EDOF microscope mounted in the Nikon commercial microscope. Each image is
captured varying the Py, to change the object plane to the distance indicated on top (z of
Eq. (14)) and subsequently processed by applying a simple intensity threshold.

Finally, we tested the add-on device imaging a fixed 3D sample, consisting of yeast diluted
in a solution of water and gelatin. The sample was observed with two different illumination
techniques and the corresponding objectives. First, brightfield illumination was used, with a 10x
/ 0.45 objective (CFI Plan Apochromat AD 10x). Subsequently, the same sample was observed

-17.04 pm +8.52 pm +22.72 ym +56.80 um

» ol 50 um
/' .

-5.68 um +31.24 um +53.96 um +82.36um

Fig. 11. Yeast fixed sample captured with the EDOF microscope mounted on the Nikon
commercial microscope. Top row: the sample observed in brightfield mode focused at
different depths. Bottom row: the sample observed in phase contrast microscopy focused at
different depths. The red arrows indicate the focused cells at each depth.
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through phase contrast microscopy and imaged with a 10x / 0.25 objective (CFI Achro ADL
10xF). Two complete focal stacks were acquired, varying Py between —5 D and +15 D. As the
focal length of the 10x objective is twice that of the 20x objective, the axial range in this case is
4 times higher (Eq. (14)). Figure 11 shows the detail of some of the images captured at different
depths. The top row corresponds to the brightfield images, while the bottom row shows the phase
contrast images. For each image, the depth is indicated relative to the native microscope object
plane. For both sets of images, the different cells that come into focus at different distances are
indicated with red arrows. Note that, for the phase contrast images, the worse image quality is
due to the lower NA of the objective.

6. Conclusions

We have demonstrated a compact, robust and cost-effective EDOF microscope based on an ETL,
to capture focal stacks of thick 3D samples. In this system, the ETL is strategically placed at
the exit pupil plane, to maintain the magnification and resolution constant. We show through
theoretical derivation that double-telecentric configuration is not a necessary condition for
constant magnification. Therefore, to avoid alignment issues, we shortened the overall system by
placing the tube lens closer to the objective and using M 12 lenses as relay lenses. We demonstrate
that the system achieves a constant MTF across all the scanning depth range, through a precise
quantitative characterisation based on the slant edge method. After building and characterising
the system on the optical bench, we implemented the EDOF microscope in a standard commercial
microscope, by coupling the add-on composed by the afocal relay, the ETL and the sensor to
the camera port. In this way, we demonstrate the possibility of converting any commercial
microscope into an EDOF system, thanks to our portable, cost-effective add-on. To show the
potential of this device, we imaged different 3D samples illuminated with different techniques,
which finally proves the imaging capability and flexibility of the system.
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