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The electrohydrodynamic effect has been exploited for the fabrication of polymeric microlenses through different
approaches. Here we show that microlens arrays obtained with the pyro-EHD self-assembling process exhibit
high fill-factor and good level of homogeneity, thus allowing to integrate them in a lightfield microscope. Digital
holographic microscopy is used to characterize the fabricated microlens array. Afterwards, a Fourier lightfield
microscope is built by placing this microlens array at the Fourier plane of the objective. We demonstrate for
the first time that the self-assembled PDMS microlens array is suitable for 3D imaging of microscopic samples,

computationally reconstructing the volume of a thick fluorescent sample.

1. Introduction

The recent advances in the fabrication of optical components have
opened the way for a wide variety of applications. In this sense, mi-
crolens arrays (MLAs) are important elements for both optics and pho-
tonics fields. These micro-optical components have been integrated in
several applications, such as 3D imaging and display [1,2], OLEDs [3],
illumination [4], sensing [5,6] and solar cells [7]. Given the broaden-
ing of their applicability, there is an increasing effort in investigating
innovative techniques for the fabrication of MLAs. In particular, several
methods have been proposed to produce polymer MLAs, due to their af-
fordability and good optical properties. Among them, we can mention
micromolding [8], hot embossing [9], lithographic techniques [10],
laser-based techniques [11,12], or ink-jet printing [13]. The choice of
the fabrication method depends on factors such as the desired lens prop-
erties, the scale of the array, and the specific application requirements.
Also, electrohydrodynamic (EHD) effect has been used for the fabrica-
tion of MLAs, through different approaches [14-16]. More recently, the
pyroelectric effect has been employed for the first time to induce EHD
instabilities, introducing a new phenomenon that we call pyro-EHD.
In particular, the inkjet printing of microlenses has been obtained by
pyro-EHD under different configurations [17,18]. The self-assembling
process activated by pyro-EHD stands out for being highly straight-

forward and affordable. The fabrication of tunable liquid MLAs was
demonstrated by using this technique [19]. Later, it was employed for
the production of polymer MLA, with diameters ranging from 25 to 200
um [20].

MLAs fabricated through pyro-EHD self-assembling exhibit a high
degree of uniformity and can reach high fill factors. These characteris-
tics make them perfect for their integration in lightfield (LF) systems. LF
is an emerging 3D imaging technique, based on the insertion of an MLA
in the optical path of a system with the aim of capturing the angular
information of the rays emerging from a 3D object. The spatio-angular
information recorded can be used to computationally retrieve the 3D
volume of the objects captured or to project the 3D scene through an
autostereoscopic display [1]. In the last two decades, this technique has
been applied to 3D photography [21], display [22] and finally to mi-
croscopy [23]. As a proof of the growing interest in this technology, we
can mention several companies that commercialize products based on
LF technology, in the three applications cited [24-26]. In this work, we
used the MLA to build a Fourier lightfield microscope (FLMic) [27]. In
this system, the MLA is placed at the Fourier plane of the microscope
objective, to capture an array of orthographic views of a 3D sample,
from which it is possible to extract computationally its depth informa-
tion. The reduced diameter of the microlenses used in the first kind of
LF microscopes [23] (typically of the order of 100 um) can be an im-
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pairing factor for the optical performance of FLMic systems. In fact,
placing the MLA at the Fourier plane of the objective, its effective aper-
ture is reduced. Therefore, the use of microlenses of small diameter
would compromise excessively the resolution of the system.

Based on the requirements set by the optical system, we fabricated
a custom-made MLA through the pyro-EHD self-assembling process. We
patterned a Lithium Niobate (LN) crystal with a square array of re-
versed polarization domains, having a period of 0.5 mm, in order to
obtain an array of microlenses of 0.5 mm diameter. So far, these are
the biggest microlenses fabricated through the self-assembling approach
compared with previous fabrication procedures [28]. Polydimethyl-
siloxane (PDMS) was the polymer used for the fabrication of the MLA.
PDMS is a widely used material in microfluidics and micro-optics due to
its optical transparency, biocompatibility, and ease of fabrication. These
qualities make it attractive for various applications in micro-optics and
integrated optical systems. The resulting MLA was characterized by
means of digital holography (DH). Here we demonstrate for the first
time that we are able to fabricate self-assembled MLA via pyro-EHD
with microlenses diameters up to 0.5 mm and fill-factor close to 1. So
far, the maximum diameter achieved for microlenses manufactured by
this method was 0.2 mm. By integrating such novel MLA into a modi-
fied FLMic set-up, we proved that this optical system could be exploited
to image a thick fluorescent sample, a category which several biological
specimens (e.g. thick tissue slides, organoids, model organisms) belong
to. We visualize the reconstructed volume of the sample, thus demon-
strating the feasibility of the self-fabricated MLA to image microscopic
3D objects.

2. Material and methods
2.1. Fourier lightfield microscope

For a better understanding of the motivations behind the election of
the geometry of the MLA to fabricate, a brief description of the optical
system in which it will be integrated is necessary. LF microscopy is a 3D
microscopy technique based on the simultaneous capture, by means of
an MLA, of spatial and angular information of the rays emerging from
the sample. From the spatio-angular map acquired, the 3D information
of the specimen can be calculated using different algorithms based on
ray optics [29], wave optics [30,31] or even artificial intelligence [32].
The ability to capture depth information in a single shot makes LF tech-
nique suitable for the observation of 3D fast dynamic samples. For this
reason, LF microscopy has been applied especially to biological living
samples [33-35].

One of the main issues of LF systems is the intrinsic trade-off be-
tween lateral and angular resolution. In fact, the capability of recording
angular information comes at the price of losing lateral resolution,
which is a fundamental parameter in microscopy. For this reason, sev-
eral set-ups have been presented since the first proposal of LF micro-
scope, in which the MLA was placed at the image plane of a con-
ventional microscope [23]. Among them, FLMic [27] improves lateral
resolution, provides lateral shift invariance and avoids the inhomogene-
ity of the reconstruction resolution typical of the aforementioned first
implementation. In FLMic, the MLA is placed at the Fourier plane of the
microscope objective. In Fig. 1, the classic implementation of an FLMic
is shown, in which a 4f relay system (lenses RL1-RL2) is used to conju-
gate the aperture stop of the objective with the MLA. The sensor (CMOS
camera), placed at the image plane of the microlenses, captures an array
of orthographic views of the sample, each one from a slightly different
angle. The aperture stop of the microscope objective is the element that
determines its light gathering capability. The field stop, instead, is usu-
ally an iris diaphragm that is placed at the intermediate image plane to
avoid overlapping between the orthographic (or angular) views.

The lateral resolution limit, p, of an optical microscope depends on
the numerical aperture (NA) of its objective, through:
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_
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where 4 is the wavelength of the light scattered or emitted by the sam-
ple. The NA of an objective is usually provided by the manufacturers
and it is related to the aperture stop diameter, @, ¢, by:

p (@)

= %us

2fop
being f(, the focal length of the objective. In an FLMic, the effective
aperture of the objective is determined by the diameter of the mi-
crolenses of the MLA. For the sake of clarity, let us represent the FLMic
omitting the relay lenses, as shown in Fig. 2. To consider the contribu-
tion of the relay system, it is sufficient to scale the diameter and focal
length of the microlenses: ®,,; ,, = %@ w1 is the equivalent diameter

NA (2)

of the microlenses at the aperture stop plane. Therefore, the effective
numerical aperture of the microscope objective in an FLMic is:

<1)ML.,aS
2fOb

Hence, to minimize the lateral resolution loss, the diameter of the mi-
crolenses should not be excessively small. Ideally, three microlenses
should fit into the diameter of the aperture stop to have acceptable an-
gular information without sacrificing excessively the lateral resolution.
Moreover, also the field of view (FOV) of each angular view directly
depends on the size of the microlenses:

NAyp= 3

f2 fop
FOV = =—0,, 4)
Si fmr
as well as the number of pixels, L, that compose each angular view:
Pyi
L=-ML 5
5 (5)

where § is the pixel size in the sensor. We set a diameter ®,,; =0.5 mm
for the fabrication of the MLA, to have a productive combination for
all the above parameters and following [36]. It is noteworthy that the
fabrication of microlenses of this size represents a challenge for the
pyro-EHD self-assembling technique.

2.2. MLA fabrication

Pyro-EHD self-assembling technique is based on the use of a func-
tionalized ferroelectric crystal. A thin film of liquid or polymer is de-
posited onto the functionalized crystal. Heating the substrate causes
uncompensated charges distributions, that provoke hydrodynamic in-
stability in the liquid or polymer. This leads to the self-assembling of
the thin film into an array of microstructures. The reader can refer to
the first publications of the group [19,28] for a deeper understanding of
the phenomenon. If the crystal is coated with a polymer that could be
cured by temperature or dissolved in the proper solvent, the application
of high temperatures induces the simultaneous curing of the material,
leading to the formation of a stable MLA.

In this work, the crystal used as the substrate to build the polymer
MLA is a z-cut, optically polished and 500 um thick LN crystal from
Crystal Technology. LN is a well-known ferroelectric material, whose
polarization can be reversed through electric field poling [37]: an ex-
ternal voltage exceeding the intrinsic coercive field of the material (21
kV/mm approximately) was applied to reverse the polarization. The
final polarization pattern was achieved by means of a resist grating
obtained through photolithography. The pattern used consists of hexag-
onal domains having minimal diameter 0.25 mm, disposed in a square
array with period 0.5 mm in both x and y directions. Fig. 3 shows the
schematic view of the periodically poled LN (PPLN) crystal.

PDMS (Polydimethylsiloxane, Sylgard 184, Dow Corning Corp, Mid-
land; # = 3900 cP, ep = 2.65 from datasheet) base elastomer was
mixed with the curing agent with a ratio of 10:1. Then, it was spin
coated onto the PPLN crystal. The crystal with the polymer film was
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Fig. 1. The optical scheme of the FLMic. The lenses RL1 and RL2 compose a double telecentric relay, that conjugates the aperture stop of the objective with the
MLA: the exit pupil is the image of the aperture stop of the microscope objective. The sensor is a commercial CMOS camera.

Fig. 2. Optical scheme of the FLMic when the relay system is omitted. The
aperture of the objective is limited by the scaled diameter of the microlenses.

0.5 mm
A

Fig. 3. Schematic view of the PPLN, with a square array of hexagonal reversed
domains. The period is 0.5 mm and the internal diameter of the hexagonal
domains is 0.25 mm.

placed onto a glass microscope slide and put on a hot plate at 110°C
for 10 minutes. The thermal stimulus activates the pyro-EHD effect that
provokes the self-assembling of the polymer into an MLA, following the
pattern of the functionalized LN crystal. At the same time, the high tem-
perature induces the curing of the polymer, producing a stable MLA.
The self-assembling of PDMS MLAs guided by the pyro-EHD effect
has been already demonstrated: in [20], several PPLN crystals were
used to fabricate multiscale PDMS MLAs with microlenses of up to
0.2 mm diameter. Here, the authors showed that the final shape of the
microlenses can be adjusted varying the parameters of the fabrication
process. In particular, the focal length strongly depends on the thick-
ness of the polymer layer (i.e., on the spinning speed). Microlenses of
higher focal lengths are obtained for thicker PDMS layers (that is, for
lower spinning speeds). Other parameters influencing the final shape
of the microlenses include the choice of the crystal side onto which the
polymer is spin coated (Z+ or Z- side) and the applied thermal stimulus.
This behaviour was deeply characterized in the aforementioned work.
In our case, we needed microlenses bigger than those obtained in [20],
not to compromise the lateral resolution of the final optical system in
which they are integrated. Being the first time that such a high period
was used to pattern the LN crystal, the fabrication of high-quality MLAs
was not trivial. In fact, the uniformity in size and shape is essential
for consistent optical performance across the MLA. To overcome these
challenges and achieve high-quality MLAs with large periods, several
experiments were conducted for the fabrication of the MLA, varying
the thickness of the PDMS film (that is, varying the spinning speed)
and the crystal side. We observed that for spinning speeds lower than
2000 rpm, the microstructures obtained applying the thermal stimulus

were not stable. When the PPLN with the polymer film was put onto
the hot plate, we could observe the formation of the MLA, but this MLA
collapsed after few seconds. This behaviour was observed for spinning
speeds 1000 rpm, 1500 rpm and 1800 rpm, for PDMS deposited onto
both Z+ and Z- crystal sides. On the other hand, for spinning speeds
greater than 3000 rpm, the microlenses of the array appeared to be sep-
arated, leading to diameter ®,,; < 0.5 mm, that would result in a loss
of lateral resolution. The best result was achieved for spinning speed
equal to 2000 rpm and Z+ side of the crystal. Therefore, after its char-
acterization, the MLA obtained with these experimental parameters was
used to build the FLMic.

3. Results
3.1. MLA characterization

To characterize quantitatively the fabricated MLA, we built a digi-
tal holographic microscope. DH is a powerful tool for the quantitative
analysis of materials [38,39]. The optical scheme of the set-up is shown
in Fig. 4. The camera is a UI-2280SE-M from IDS Imaging, equipped
with a CMOS sensor having 2448 x 2048 pixels of 3.45 pum side. The
total magnification of the system is M =8.66, which provides a FOV of
975 x 816 um?. With this FOV, two microlenses can be captured simul-
taneously. In the digital holographic microscope, the light proceeding
from a laser source is first collimated and then split into two arms. The
bottom arm in Fig. 4 is the signal arm: the collimated beam is used to
illuminate the sample (in this case, the fabricated MLA), which is ob-
served through a microscope objective. The signal is made to interfere
with the reference beam (proceeding from the reference arm on top)
and the hologram is recorded by the camera. By demodulating the dig-
ital hologram captured by the camera, the amplitude and phase of the
light transmitted by the MLA under observation are reconstructed com-
putationally. From this information, the 3D shape of the sample can be
computed.

Fig. 5 shows the recorded digital hologram and the results of the re-
construction process. In particular, the phase map retrieved numerically
from the digital hologram is shown in Fig. 5(b). The unwrapped phase
map [40] is shown in Fig. 5(c) and it is represented three-dimensionally
in Fig. 5(d). As expected, the microlenses show a continuous profile
(so, ®,; =0.5 mm). The unwrapped phase of another microlens of the
array is shown in Fig. 5(g). From a first qualitative analysis of these
results, it seems that the microlenses are not perfectly symmetric. The
shape of the fabricated microlenses depends, among other factors, on
the geometry of the array of the reversed polarization domains. The
real geometry of the PPLN slightly differs from an ideal square array
of 0.5 mm period. These errors in the layout can provoke a non-perfect
spherical shape of the self-assembled microlenses. To demonstrate their
sphericity, we extracted the cross-sectional distribution of the phase
along the vertical and diagonal meridians of one microlens, which in
Fig. 5(c) are indicated with a green and a purple dotted line, respec-
tively. The corresponding phase profiles are shown in Fig. 5(e) and (f)
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PBS

Fig. 4. The optical scheme of the digital holographic microscope. In the scheme, Obj stands for microscope objective, P is a pinhole, L is a converging lens, HWP is
a halfwave plate, M is a mirror, BS is a beam splitter and PBS is a polarizing beam splitter.

and both compared with the same fitted sphere. The mean value of the
two R-square parameters is 0.97, which demonstrates a good spherical
shape of the microlens. The focal length of one lens can be calculated
by fitting its unwrapped phase map with a second order polynomial and
following this equation:

72 (6)
We estimated the focal length of multiple microlenses of the array and
we calculated its mean value and its standard deviation: fy,; =4.1 +
0.2 mm. The relative error is 4.9%, which indicates a good consistency of
the fabrication. The mean numerical aperture is N A,,; = 0.061, similar
to the NA of commercially available MLAs.

3.2. Optical set-up

Once the MLA was fabricated and characterized, the components
of the FLMic could be chosen, so to optimize the performances of the
system. To do so, we first set two of the elements, namely the objective
and the camera. The objective used was an infinity-corrected 10 X/0.25
Nikon objective, having focal length f;, =20 mm and diameter of the
aperture stop @ 4 g = 10 mm. The camera is a UI-1460SE-C-HQ from IDS
Imaging, equipped with a CMOS sensor having 2048 x 1536 pixels of
size 6 = 3.2 pm. Unfortunately, this camera is not board-level. This rep-
resents an issue, as the physical distance between the first surface of
the camera and the sensor is longer than the focal length of the MLA.
This makes impossible to place the sensor at the image plane of the mi-
crolenses to capture the focused orthographic views of the sample. For
this reason, we had to modify the traditional set-up of an FLMic that we
showed in Fig. 1, including an additional 4f relay system to conjugate
the image plane of the MLA with the camera sensor. Besides solving this
issue, this second relay permits to improve the performances of the sys-
tem if its magnification is set greater than 1. In fact, this increases the
total magnification of the system:

AT
" fos fo S

being f3 and f, the focal lengths of the first and the second lens of this
second relay, respectively. This leads to the improvement of the resolu-

7)

tion limit given by Nyquist criterion, which in FLMic is not negligible
as it usually happens in conventional microscopes:

26
PNy = ﬁt (€)]

Moreover, the number of pixels along the diameter of each angular view
is increased:

_ Q Dyr
f3 8
The lenses of both 4f relays must be chosen based on two necessary
conditions for the operation of the system. The first one is that the

minimum number of microlenses that fit entirely into the diameter of
the exit pupil must be greater than 3 [27]:

_ %us _So Pus
(I)ML,as fl q)ML

The second condition is that the diameter of the image of the pupil must
be shorter than the sensor side:

Jfa [ f
f—;‘ (72%5) <2048 x 3.2 ym. 11

1
These requirements set the conditions for the magnification of the re-
lays. After some experiment with diverse relay magnifications, we set

L

9

> 3. 10)

% =0.25and % =2. In addition, since Nikon objectives are designed to
1

work in combinSation with a tube lens of 200 mm focal length, we chose
the lenses of the relay systems as follows: f; =200 mm, f, =50 mm,
f3= 100 mm, f4 =200 mm.

Despite permitting the conjugation of the MLA back focal plane
with the sensor and increasing the total magnification of the system,
the insertion of the second relay system provokes a different issue. The
modified FLMic is no longer orthographic, that is, the lateral magnifi-
cation is not constant, but it depends on the axial position of the object.
In Fig. 6, we show graphically this problem by a simple ray-tracing for
two identical objects placed at two different axial positions. This issue
is provoked by the fact that the RL2-MLA compound is not in afocal
configuration.

A straightforward solution is to shift the MLA from the exit pupil
plane and place it in afocal configuration with the lens RL2. This will
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Fig. 5. Quantitative characterization of the fabricated MLA through digital holography. (a) The digital hologram recorded. (b) The wrapped phase map, modulo
27. (¢) The unwrapped phase map. (d) The 3D representation of the unwrapped phase map. (e)-(f) The phase profile along the vertical meridian and the diagonal
meridian indicated in (c), respectively, and its comparison with an ideal spherical profile. (g) The unwrapped phase map of another microlens of the array.

cause vignetting effects in the microlenses that are at the edge of the
exit pupil, given that the MLA is now placed onto a defocused image
of the aperture stop. However, with the components chosen, we have
that the number of microlenses that fit into the diameter of the exit
pupil is N = 5. Therefore, even discarding the angular views that suffer
vignetting effects, it is possible to reconstruct the volume of the 3D
sample. Obviously, this is not an optimal solution, but it is useful to
demonstrate the functioning of the FLMic with the fabricated MLA. To
solve this problem, it will be sufficient to use a board-level camera, with
no physical barrier between the sensor and the MLA.

The final set-up is shown in Fig. 7. The system was aligned using
a He-Ne laser (black tube behind the optical set-up). To illuminate the
sample, a compact laser module (4 = 532 nm) was employed and a high-

pass filter was placed after the objective to filter out the light from the
illumination module.

3.3. Sample imaging and reconstruction

To demonstrate the imaging capabilities of the optical system built
with the self-assembled MLA, we used a simple object consisting of cot-
ton fibers of a common lens cleaning paper, stained with the fluorescent
ink of a highlighter. The fibers intersect forming a 3D structure that can
be observed through the FLMic. The image captured by the sensor is
shown in Fig. 8(a), with the central orthographic view zoomed for a bet-
ter visualization. As can be seen, the number of complete views in a row
is slightly greater than 4: due to the vignetting effect, we do not reach
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Fig. 6. The optical scheme of the FLMic when the second relay RL3-RL4 is inserted without modifying the position of other lenses. The ray tracing is shown for two
identical objects at different axial positions: the green arrow is at the object plane of the microscope objective, while the red arrow is closer to the objective. At the

final image plane (IT"" ), the size of the images of the objects is different.

Sample Filter

Objective

Camera

Field stop

Fig. 7. The set-up of the modified FLMic with all its components indicated.

the theoretical value of N =5. Despite the presence of background in
the perspective views, the sample is imaged with a good contrast, which
allows us to reconstruct its 3D volume.

For the 3D reconstruction, we applied a ray-optics based reconstruc-
tion algorithm designed for sparse samples [29]. Prior to the application
of the algorithm, we performed the background subtraction by a simple
tophat filtering. This enhances the contrast and the optical sectioning
capability of the mentioned reconstruction algorithm. The total depth
of reconstruction is ~1 mm, with an axial step between each plane that
depends on the optical system [27]:

ae(Lfo Lt
fl fML (DMLf4

In Fig. 8(b), the sample reconstructed at different depths is shown.
In particular, we show the reconstruction depths at which the different
fibers come into focus. In the Supplementary Material, Movie S1 shows
the entire focal stack and Movie S2 shows the 3D shape of the sample.
From this representation, the 3D structure can be visualized, with the
different fibers overlapping at different heights.

§=20.5 um. (12)

4. Conclusions

In this paper, we have demonstrated the viability of the pyro-EHD
self-assembling technique for fabricating polymer MLA to integrate in a
3D microscopy system. The optical system sets the requirements for
the fabrication of the MLA. Specifically, FLMic requires microlenses
with bigger diameter with respect to the MLA fabricated previously
with the pyro-EHD self-assembling method. We produced an MLA with
microlenses of 0.5 mm diameter, demonstrating the straightforward
scalability of the pyro-EHD low cost self-assembling process in respect
to the previous state of the art of the fabrication method. The MLA

was observed under a digital holographic microscope, to character-
ize quantitatively the 3D shape of the microstructures. We confirmed
that the fabricated microlenses have 0.5 mm and we estimated their
focal length. After the characterization, the MLA was integrated in
an FLMic, modifying the traditional set-up to deal with the issue re-
lated to the MLA-sensor distance. After choosing all the components
and building the set-up, the FLMic was used to image a fluorescent
3D sample. Finally, the volume of the sample was computationally ex-
tracted. By imaging and reconstructing the object, we proved that the
self-assembled polymer MLA is suitable for observing a microscopic
3D sample. Therefore, these microlenses represent a flexible and cost-
effective alternative to the traditional glass MLA. The future work will
be focused on the optimization of the MLA for improving the perfor-
mances of the FLMic in terms of resolution and image quality.
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Fig. 8. (a) The image of the fluorescent cotton fibers captured with the FLMic. The central perspective view is zoomed for a better visualization. (b) The sample
reconstructed at different depths. We have included only the planes at which some portion of the 3D object come into focus. The depth is given relative to the object
plane: z has negative values for planes that are beyond the object plane (further from the objective) and positive values for planes closer to the objective than the
object plane. The white arrows point at the fibers focused at each reconstruction plane. See Movie S1 of Supplementary Material for the complete focal stack.
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