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Abstract: The complete understanding of the formation of seemingly levitating droplets on
liquid-repelling surfaces provides the basis for further development of applications requiring
friction-free liquid transport. For the investigation of these droplets and, thereby, the underlying
surface properties, standard techniques typically only reveal a fraction of droplet or surface
information. Here, we propose to exploit the light-shaping features of liquid droplets when
interpreted as thick biconvex elliptical lenses. This approach has the potential to decode a
plethora of droplet information from a passing laser beam, by transforming the information
into a structured light field. Here, we explore this potential by analyzing the three-dimensional
intensity structures sculpted by the droplet lenses, revealing the transfer of the characteristics of
the underlying liquid-repelling effect onto the light field. As illustrative complementary examples,
we study droplet lenses formed on a non-wetting Taro (Colocasia esculenta) leaf surface and
by the Leidenfrost effect on a heated plate. Our approach may reveal even typically "invisible"
droplet properties as the refractive index or internal flow dynamics and, hence, will be of interest
to augment conventional tools for droplet and surface investigation.
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Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Droplets that are conveyed almost without friction over surfaces enable a unique transport
mechanism of liquids, contributing to the advancement of a wide range of applications, as
for instance, self-cleaning, drop-wise condensation, anti-icing, or mobility in microfluidic
lab-on-a-chip systems (see refs. [1,2] and refs. therein). These so-called levitating droplets are
formed on surfaces due to different liquid-repelling properties originating from the micro-, nano-,
or hierarchical structure of the natural or artificial surface [3—7], chemical properties as high
electronegativity of fluoropolymer coatings [8,9], thermal effects as the Leidenfrost effect [10,11],
or a combination of these. Taking advantage of the mentioned surface properties, researchers
have created, for instance, adaptable liquid lenses, tunable by e.g. dielectrophoretic forces or
electro-wetting [12—14] thereby contributing to the advancement of novel electrotunable and
optoelectronic devices. To further advance these applications, it is indispensable to gain a deeper
understanding of the underlying liquid-repelling effects, which can be accessed by a detailed
knowledge of the features of the droplets formed by them.

The investigation of droplets formed on surfaces is typically based on standard imaging
systems, partially of high resolution and/or at high speed, and a subsequent image analysis. For
instance, the surface wettability can be characterized by the contact angle at the interface where
liquid, air and solid surface meet [15]. The contact angle measurement is typically performed by
observing the droplets from the side by a standard imaging system. In this case, the contact angle
is determined by, for example, sessile-drop goniometry analyzing video images of the droplets
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by a fitting procedure [15,16]. The tilting-plate method [17] exploits the relation between the
sliding angle and the contact angle. The sample is tilted gradually to find the sliding angle at
which the droplet starts to move. To draw conclusions about the properties of the droplets and
the surface, it is formed on, these methods analyze a two-dimensional (2D) projection of the
three-dimensional (3D) droplet, typically by calculating the contact angle, i.e. only a single
property of the droplet. A third approach takes advantage of the coherence of laser light [18],
interfering a significantly expanded beam, passing through the droplet and its surrounding, with
a reference beam to subsequently analyze the interference pattern. This holographic approach
allows investigating temperature changes in the vicinity of the droplet, but does not reveal explicit
properties of the droplet itself.

In contrast, for in-depth understanding of the fundamental effects behind the formation and
dynamics of droplets on non-wetting surfaces, and particularly for future applications as liquid
lenses, further droplet properties beyond the contact angle and surrounding temperature changes
are of crucial interest. Among them are the complete 3D shape of the droplet, the density of the
liquid, its refractive index or its dynamic behavior.

We propose implementing laser light to advance standard 2D imaging by encoding a multitude
of droplet information into a Gaussian beam passing through the droplet. More precisely, we study
the light-structuring properties of levitating droplets on liquid-repelling surfaces (substrates),
exploiting their action as biconvex liquid droplet lenses to fully structure the passing light. The
resulting beam will be shaped three-dimensionally in its amplitude and phase by the droplet, and
hence, a structured light field [19-21] is formed with its spatial properties containing information
on the droplet and, thereby, substrate characteristics. Structured light is known as a powerful
information carrier since modulating its amplitude, phase, and also polarization allows encoding
information in an effective way [19]. These degrees of freedom are not only sensitive to, for
instance, the 3D shape of the droplet, i.e. the liquid lens, but also its refractive index and
temporal shape changes. Beyond, since structured light also allows accessing the longitudinal and
transverse Doppler shift [22,23], it additionally paves the way to detect internal flow dynamics.

Though light-shaping features of droplets have been studied previously, in these cases, droplets
are not located on a substrate but are levitated by, e.g., an ultrasonic levitator (acoustic trapping)
or the light passes through the droplet perpendicular to the substrate. In the former case, droplets
sculpt sophisticated caustic structures [24,25] and droplet properties can be extracted by studying
the inter-caustic scattering [26—-28]. However, characteristics of the substrate below the droplet
cannot be evaluated, since a substrate disturbs the formation of caustic light patterns and, thus,
its subsequent analysis. In the studies based on perpendicular transmission through a droplet,
the light also interacts with or passes through the substrate itself and experiences only a single
curved drop-air interface passage, similar to a plano-convex lens. Thus, the propagation distance
through the liquid does not directly influence the resulting structured light field, but the light is
solely shaped by the properties of the curved interface. In recent works, these droplets are, for
example, considered as liquid lenses of adaptable shape and focal length [14,29]. In contrast,
in our approach, the beam passes through the droplet parallel to the solid substrate such that
the passing beam experiences two curved drop-air interfaces, similar to a biconvex lens, and is
sculpted by the complete 3D shape as well as by the propagation path through the liquid droplet
lens. Additionally, droplet characteristics as its refractive index and its dynamic behavior, which
depends on the implemented liquid-repelling effect, will be transferred to the passing light.

To study the ability to encode different droplet information into structured light, we investigate
the 3D light-shaping characteristics of biconvex elliptical liquid droplet lenses formed by two
different exemplary liquid-repelling effects and compare them to light focusing by a glass ball
lens. For this purpose, in Section 2., we first introduce our experimental concept as well as
the numerical approach used to support our experimental data, whereby we analyze the light
intensity structured by a ball lens. Subsequently, on the one hand, the non-wetting characteristic
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of a Taro leaf (Colocasia esculenta) is used, enabling the formation of droplet lenses due to
its super-hydrophobic surface structure of micro- and nano-sized bumps that are coated with
a waterproof wax [6,30]. The light-shaping features of these droplets are presented in Section
3.. On the other hand, we take advantage of the Leidenfrost effect on heated surfaces, creating
levitating droplets due to an isolating steam layer between the surface and the liquid [10]. We
present the respective 3D light-shaping properties in Section 4.. Even though the formed droplets
for both effects are of similar, approximately ellipsoidal shape, the underlying liquid-repelling
effects reveal characteristic features and transmit them to the droplet lenses. Droplets formed
on the super-hydrophobic Taro leaf are rather stable in shape, only evaporating slowly at room
temperature and showing no significant dynamics. In contrast, Leidenfrost droplets are less
stable, revealing complex nonlinear dynamic high-speed changes of their shape due to a lack of
friction, quicker evaporation, strong internal flow dynamics, and temperature gradients, which
we demonstrate by experiments in Section 4.2 and support by numerical simulations in Section
4.3. Our results highlight these characteristics of the exemplary effects and, thereby, pave the
way to a deeper understanding of liquid-repelling effects by taking advantage of structured light
as well as to next-generation applications of floating droplets.

2. Concept of light shaping by droplet lenses

To analyze the light-shaping properties of droplets on a Taro leaf as well as Leidenfrost droplets,
we experimentally investigated the sculpted intensity structure was experimentally investigated
behind the droplet lenses, i.e. in propagation direction of the input beam, and completed it by a
numerical verification. We considered Droplets were considered to be in a size range of 1 to
2 mm in diameter. A Gaussian beam horizontally passes through and, thus, is scattered by the
droplets, as sketched in Fig. 1(a). In general, a light field scattered by a droplet is formed by
different effects, namely, refraction, diffraction, and internal reflections. However, the beam waist
of the beam is chosen to be smaller than the droplet height to minimize diffraction effects from the
droplet’s surface and the substrate below the droplet. Additionally, in beam propagation direction,
the contribution of light originating from internal reflections within the droplet is negligibly
small in comparison to refracted light. The droplet lenses can be approximated by an ellipsoidal
shape, and thus, be considered as thick, biconvex elliptical lenses, that are characterized by their
three semi-axes, i.e. Ry, Ry and R,. The light field and, thus, the intensity shaped by a biconvex
droplet lens are mainly defined by the light refraction at the first and second air-liquid interface
and the beam propagation through the liquid volume. Note that, due to the local curvature of
ellipsoidal droplet surfaces, not only paraxial but also non-paraxial electric field components are
created, contributing to the focal field behind the liquid lens.

First, the 2D or 3D intensity structure behind a liquid lens is experimentally studied, as outlined
in Sec. 2.1. Subsequently, we use the experimental image of the droplet (side-view) is used
to approximate its shape by an ellipse in order to verify the measured intensity structure via a
numerical simulation. Note that droplets could also be approximated by more complex models
[31-33] but, in the presented cases, an elliptical fit captures the experimentally recorded droplet
shapes very well. The extracted parameters are applied in our numerical calculation of the focal
intensity structure in the 3D volume, as explained in Sec. 2.2. In the following, we investigate the
3D intensity structure formed by a glass ball lens (2 mm diameter) is investigated as an illustrative
example of our approach, since the ellipsoidal shape of low volume droplets on liquid-repelling
surfaces typically approximates to a sphere (Sec. 3.1; Sec. 4.1).

2.1. Experimental system

The experimental system is depicted in Fig. 1(b). A linearly (horizontally) polarized Gaussian laser
beam (wavelength 4 = 532 nm) passes through a liquid droplet or glass ball lens with propagation
direction parallel to the liquid-repelling surface. The surface is positioned horizontally, i.e.



Vol. 30, No. 4/14 Feb 2022/ Optics Express 5940 |

Optics EXPRESS & SN2

Input plane z=0 Observation plane

Srear(X,y)

Str

LQ:(X’Y)

Liquid lens

Aperture . o
Microfluidic pump
A—
Laser L, e L
MO Ly Camera

()

Fig. 1. Concept of shaping light by biconvex droplet lenses. (a) Beam propagation through
the droplet lens and nomenclature applied in numerical simulation. The lens is defined by
the interfaces Sfront(x, ¥) and Srear(x, y). If the lens is of approximately ellipsoidal shape,
it is characterized by three semi-axes Ry,y ;. (b) Sketch of the experimental system used
for analyzing the intensity structure shaped by liquid droplet lenses. Laser: horizontally
polarized Nd:YAG, A = 532 nm, MO: 20x microscope objective with numerical aperture
NA = 0.4, TS: translation stage, L: lens with focal distance f = 400 mm, L,: tube lens
with focal distance f = 200 mm, Camera: Ueye 1240-SE, pixel size 5.3 X 5.3 umz. In
order to obtain the 3D distribution of intensity structure the MO is shifted along the beam
propagation direction (z-axis) by a high-precision TS.

orthogonal to the gravitational force. The Gaussian beam waist (wg = 450 um) is set to be at
the position of the first interface of the liquid lens. Note that the respective Rayleigh range
zr = 1.195 m of the input beam tolerates slight mismatches of the position of the beam waist and
the first drop-air interface, which are inevitable experimentally. In order to generate droplets
of predefined volume spatially localized on a liquid-repelling surface, a microfluidic syringe
pump with adjustable pumping rate and a blunt output cannula of 0.6 mm diameter is employed.
The focused light is imaged onto a camera by a 20X microscope objective (MO) and a tube lens
(Lo, focal distance f = 200 mm). The MO is mounted on a motorized high precision z-shift
stage (29 nm resolution), such that selected transverse (x, y)-planes at different z-positions can
be imaged, enabling the detection of the discrete 3D intensity distribution. To achieve a high
spatial resolution of our experimental results, we choose to record 500 (x, y)-planes to analyze
the 3D light structures. Taking 500 images over 400 um range takes 45 seconds. Droplet lens
evaporation during that time is negligible for droplets on a Taro leaf, but not for droplets formed
by the Leidenfrost effect. Hence, 3D intensity volumes for Leidenfrost droplets cannot not be
obtained experimentally, but 2D distributions are investigated.

Exemplary experimental results of the 3D intensity distribution shaped by a ball lens with a
diameter of 2mm and refractive index of n = 1.458 are illustrated in Fig. 2(a). We show t The
distribution along the light propagation axis ((x, z)-plane) is shown as well as the exemplary
distribution in four transverse planes (z;, j = [1, 4]). Here and in the following, the (x, y)
distributions are normalized to the maximum intensity in this particular plane. Moreover, the
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line plots of the intensity are shown in Fig. 2(b), blue dots, normalized for each plane. Note that
the experimental beam propagation axis does not perfectly match the z-axis of the translation
stage. Therefore, the experimental values for the line plots, presenting the longitudinal intensity
evolution, are taken along the tilted dash-dotted "intensity cut" line in Fig. 2(a), (x, z)-plane. To
minimize aliasing effects due to the camera pixelation, the values for all line plots represent
averaged values over two central pixel rows. The intensity distributions in Fig. 2(a), (b),
demonstrate strong spherical aberration occurring due to the focusing of light by the spherical
interfaces of the ball lens. The respective concentric intensity rings are observed in the transverse
planes before the focal plane, i.e. position of highest intensity, (see z;, z2) and smooth rapid
beam expansion behind the focal plane (see z3, z4). In the next step, we confirm our experimental
results are confirmed numerically.
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Fig. 2. Intensity structure shaped by a glass ball lens with 2 mm diameter. The (a)
experimentally measured and (c) numerically calculated longitudinal as well as selected
transverse intensity distributions are presented. The intensity in the (x, z)-plane is normalized
to the maximal focal intensity f. The transverse intensity for the planes z;, j = [1,4], is plotted
on a scale normalized to the maximum intensity /max(z;) in each plane. The respective scaling
factors Imax(z;)/If are given within the images. The comparison between experiment and
simulation is given by (b) line plots for longitudinal and transverse distributions (normalized).
Longitudinal intensity evolution is presented along the dash-dotted intensity cut line in (a)
and (c); transverse plots correspond to the distribution along the x-axis.

2.2. Numerical approach

In our experimental configuration, coherent laser light propagates in a non-paraxial manner
through freely-shaped objects with physical dimensions much larger than the laser wavelength.
These properties rule out many of the standard numerical techniques applied in optical simulations.
Here, we use a vectorial ray-based diffraction integral (VRBDI) method introduced by Andreas
et al. [34,35] is used to simulate the propagation of the Gaussian beam through the system and
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thereby verify the experimental results. The VRBDI method was originally developed in the
context of interferometry to simulate the propagation of a diffracting beam through an optical
system. It combines vectorial diffraction theory, ray aiming, differential ray tracing and matrix
optics to account for both, the geometrical shape of the optical system as well as diffraction effects
[34]. The MATLAB source code for VRBDI was published online and can be downloaded from
[36]. In principle, the method works as follows: Coherent monochromatic laser light is defined
at an input plane and the electric field is spatially decomposed into its plane wave components.
These components are represented by ray bundles (each consisting of five parallel rays), which
are traced through the system that is described by the (smooth) surfaces of its optical components.
The ambient medium (air) and the lens medium are hereby each assumed to be homogeneous
and isotropic. At the interfaces of the components, the Fresnel equations are applied. Every
point on a regular grid on the input plane is connected to the points on a defined intermediary
plane placed shortly behind the lens via an iterative ray aiming algorithm. For an input plane
sampled by N; X N; pixels and an intermediary plane sampled by N> X N, pixels, Ny - N> ray
bundles are launched. At each point of the intermediary plane, the contributions of N; ray
bundles (if not terminated before) are added coherently in amplitude and phase by an integral
superposition. From the intermediary plane, the field is propagated to an observation plane at
a given z-position by numerically calculating vectorial diffraction integral (VDI) in free space.
Note that the employed simulation method does not account for multiple internal reflections,
surface waves and diffraction effects arising at the surface of the droplet. However, since the
beam waist is chosen to be smaller than the droplet height, diffraction effects from the surface are
small also in experiment.

Figure 1(a) schematically shows the simulation of a Gaussian beam refraction by a lens defined
by its front and rear interfaces, Sgoni(x, ¥) and Spear(x, ¥), respectively. Since the shape of the
glass ball lens is known, there is no need to fit an experimental image of the lens for interface
parameter extraction. However, for a liquid lens, this step is crucial for the definition of refracting
surfaces (see following sections). For the glass ball lens, two spherical air-glass interfaces and a
refractive index of 1.458 for the volume enclosed by the interfaces are used in the simulation.
The Gaussian input beam is sampled by 51 X 51 pixels over 2mm X 2mm on the input plane and
propagated to an intermediary plane with 251 X 251 pixels. The transverse intensity distribution
is calculated for a number of observation planes with resolution of 151 x 151 pixels located
at a distance z from the center of the lens with a z-spacing of 1 um. On a desktop PC without
employing parallelization, the computational time is in the order of one hour for propagation
from the input plane to the intermediary plane and in the order of one minute for numerically
solving the VDI to each observation plane at a given z—position.

The numerical results, presented in Fig. 2(c), confirm our experimental measurement as shown
in Fig. 2(a). In order to compare the experimentally measured intensity distribution and the
obtained simulation results, we also present intensity line plots for simulation results in Fig. 2(b),
red curves. Line plots represent simulated values (normalized) along the z- (left) and x-axis
(right). Plots for simulation and experiment are in good agreement. Minor deviations in both
transverse and longitudinal line plots can be explained by camera aliasing effects and limited
experimental z-shift precision. Experimental intensity values are averaged within a camera pixel
(5.3x 5.3 um?), corresponding to a 0.265 x 0.265 wm? area in measurement planes behind the ball
lens, considering X20 MO magnification. In contrast, simulations have a transverse resolution of
0.134 x 0.134 um?. Additionally, minimal experimental mismatch of the MO z-shift or the ball
lens center and beam propagation axes limit the experimental accuracy. However, in total, the
qualitative match between experiment and simulations confirm the eligibility of the employed
simulation method.
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3. Shaping light by droplet lenses on a Taro leaf

3.1. Droplets on super-hydrophobic surfaces

When a droplet is placed on a flat solid substrate, its shape is determined by the action of
gravity and the tensions of the involved interfaces. The local contact angle the droplet forms
with the substrate is given by the Young equation cos(6) = (ysy — ¥s1)/ Y1y, Where sy, ¥s1 and
vy are the interfacial tensions of the solid-vapour, solid-liquid and the liquid-vapour interface,
respectively [37]. A substrate is called hydrophobic if the contact angle 6 is larger than 90°.
If the substrate is extremely difficult to wet by a fluid and 8 is larger than 150°, the substrate
is called super-hydrophobic. This is often the case for micro-structured surfaces, with the
most prominent example in nature being the leaf of the Lotus plant. The Lotus leaf shows a
well-studied micro-pillar surface structure, which has inspired the creation of various functional,
super-hydrophobic surfaces [38,39]. However, nature provides a multitude of other plants
showing liquid-repelling behavior based on different micro-, nano-, or hierarchical structured
surfaces and/or natural coatings [40]. A plant not showing the established pillar structure but
still revealing excellent non-wettability is the Taro leaf (Colocasia esculenta). Only recently, the
potential of Taro leaf characteristics for future technological applications has been disclosed
by creating bio-inspired surfaces based on the leaf’s morphology [6]. Its super-hydrophobic
surface structure is composed of hexagonal microcavities with micro- and nano-sized bumps
being coated with a waterproof wax. An exemplary photo of water droplets on a Taro leaf is
presented in Fig. 3(a). For super-hydrophobic structured substrates, two wetting scenarios are
possible: In the Wenzel state, the liquid is in intimate contact with the substrate [3]. In the
Cassie-Baxter state, the droplet rests on top of the asperities [4]. The observed apparent contact
angle of the droplet depends on the surface roughness and on the wetting state.

Tangential
focal plane

Sagittal
focal plane

Fig. 3. Taro droplet lenses. Water droplets (a) on Taro leaf in nature and (b) in the
experimental setting (side-view, blue background illumination, grayscale camera image;
scale bar: 1 mm) with elliptical fit (orange). (c) 3D sketch of a droplet and ray tracing through
it. Exemplary rays focusing in the tangential/ sagittal planes are shown as dashed/solid lines.
Tangential/ sagittal focal plane as well as the respective refracting curvature are marked in
orange/ red.

The relative importance of wetting and gravitational forces acting on the droplet can be
characterized by the capillary length I, = \/ys1/(pg), where p is the density of the fluid and g the
gravitational constant. For small droplets with heights well below [, the influence of gravity can
be neglected and the droplet shape is a spherical cap. For larger droplets, the flattening effect of
gravity needs to be taken into account. The shape can be obtained by numerically integrating the
Young-Laplace equation including hydrostatic pressure for a known droplet volume and a contact
angle of a droplet [41].

Approximate droplet shapes can be obtained by assuming that the droplet takes on the form of
an ellipsoid or, more precisely, an oblate spheroid with R, = R, = R,; and then determining the
geometrical parameters of the model (e.g. the semi-axes of the spheroid) from a minimization



Research Article Vol. 30, No. 4/14 Feb 2022/ Optics Express 5944 |
Optics EXPRESS A N \

of the free energy [42,43] which consists of energetic contributions due to gravity and the
inter-facial tensions at the liquid-substrate and liquid-vapour interface. Park et al. described
large droplets on structured hydrophobic substrates in the Cassie-Baxter or Wenzel state by the
overlapping geometry of double spheroids and verified the model predictions with experimental
measurements on various micro-pillar arrays [31].

In our experiment we investigate distilled water droplets (refractive index n = 1.33) placed
on a piece of a Taro leaf, fixed on a plane horizontal holder. We find that a fit by a simple
oblate spheroid as depicted in Fig. 3(b) (scale-bar: 1 mm) describes the experimentally observed
droplet shape reasonably well. Due to its symmetry, the spheroids are characterized by the two
semi-axes R, and Ry, (see Fig. 3(c)). For numerical calculations, these axes are extracted from
the experimental images by a fit, as illustrated in orange in Fig. 3(b).

3.2.  Focal intensity structures

Due to the spheroid shape of the droplet, we expect astigmatic focusing for droplet lenses on a
Taro leaf, as sketched in Fig. 3(c). The two characteristic semi-axes R, and R,; of the droplet give
two different curvatures in vertical (orange; elliptical fit) and horizontal (red; circular fit) direction,
respectively. As a result, the focal distance for the tangential (orange) and the sagittal (red) planes
differ, leading to astigmatic aberration. As outlined above, the semi-axes and, thus, the focal field
shape are defined by the characteristics of the droplet liquid as well as the non-wetting surface.

We investigate thus the focusing properties of a water droplet formed on the surface of a Taro
leaf. The shape of an exemplary water droplet is presented in Fig. 3(b). The corresponding
experimental results for the 3D shaped intensity structure are presented in Fig. 4(a), illustrating
the longitudinal (left) and transverse (right) intensity distributions. Following our expectations,
two focal planes can be found, where the intensity is confined into a horizontally (tangential
plane) or vertically (sagittal plane) elongated focal intensity line (z25). Caused by spherical
aberration, intensity fringes are formed shortly before these focal planes. These fringes are
aligned with the following focal intensity line (z1,4). After the tangential plane, the focal intensity
lines expand in vertical y-direction, whereas it starts to narrow in horizontal x-direction to form
the subsequent focal line in the sagittal plane. The ratio of R, and R, affects the ratio of these
intensity maxima as well as their longitudinal distance on the propagation axis. Since R,;>R,
for the oblate droplet, the refracting surface curvature corresponding to the tangential plane is
stronger and the respective numerical aperture (NA) is higher than the one for the sagittal plane.
Hence, the maximal intensity in the tangential plane is higher than that in the sagittal plane. From
the side image of the droplet presented in Fig. 3(b), we approximate its elliptical shape in order
to verify the measured intensity structure with a VRBDI simulation. This is performed using
the open-source image processing library scikit-image [44] by first detecting the edges in the
image via a Canny filter and secondly employing a Hough transform. We extract the semi-axes
Ry = 1.44mm and R,; = 1.59 mm. In Fig. 4(b), the simulated intensity structure is shown for a
Gaussian beam that passes though the droplet with its propagation axis being perfectly aligned
with the center of the droplet. This simulation captures the overall shape of the intensity and in
particular the position of the sagittal and tangential focal plane. However, the simulated intensity
distribution is symmetric about the z—axis, whereas the experimentally measured intensity is
tilted and has an asymmetric intensity structure reveals asymmetry. These deviations can mainly
be attributed to the experimental beam axis not being perfectly aligned with the ellipse axis
R; of the droplet. This is confirmed by an exemplary simulation of a Gaussian beam passing
through the droplet off-axis with offsets Ay = 200 um and Ax = 50 um presented in Fig. 4(c)
which qualitatively matches the experimental results. Remaining differences might be caused by,
e.g., small deviations of the droplet from the elliptical shape, due to gravitational effects, or a
slightly imperfect beam shape in experiment.
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Fig. 4. Exemplary beam shaping by a droplet lens on a Taro leaf with Ry, = 1.44 mm
and Ry; = 1.59 mm. The (a) experimentally measured and (b, ¢) numerically calculated
longitudinal as well as selected transverse intensity distributions are presented. In (b), the
optical axis of the Gaussian beam is aligned with the droplet center whereas in (c), an offset
of Ax = 50 um and Ay = 200 um is assumed. The intensity in the (x, z)-plane and (y, z)-plane
is normalized to the maximal focal intensity /. The transverse intensity for the planes
7j = {2550, 2660, 2690, 3100, 3210, 3242} um, j = [1, 6], is plotted on a scale normalized
to the maximum intensity /max(z;) in each plane. The respective scaling factors Imax(z;)/If
are given within each image.

4. Shaping light by Leidenfrost droplet lenses
4.1. Leidenfrost droplets on heated surfaces

The second example of a biconvex droplet lens is formed by the Leidenfrost effect [10]. In this
case, when a droplet is placed on a surface significantly hotter than the boiling point of the
liquid, an insulating vapor film forms under the droplet, preventing the droplet from boiling and
evaporating rapidly. Levitating above this liquid-repelling surface, the droplet is able to survive
for up to several minutes before fully evaporating. In its equilibrium, the Leidenfrost droplet
can be approximated by a spheroid, embedding a volumetric temperature gradient and related
internal fluid flow dynamics [11,45]. Although the Leidenfrost effect is known for more than
250 years, it is not yet fully understood due to the complexity of the spatio-temporal dynamics,
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and attracts continuous interest with respect to its promising features for future applications
[11,46-50]. For instance, the self-propulsion of a Leidenfrost droplet due to its strong internal
flow [11] can be beneficial for devices implementing a heat-to-motion transfer [46]. Recently,
the bouncing dynamics of Leidenfrost droplets have attracted particular topical interest [47—49],
revealing e.g. the previously unknown "trampolining" of Leidenfrost droplets.

The slightly adapted experimental setup for analyzing the focusing behavior of Leidenfrost
droplet lenses is depicted in Fig. 5(a). The volume of the droplets, placed on a heated copper
plate, is defined by the pumping rate of a microfluidic pump (MP) and the diameter of a (blunt)
cannula. We employ a 98% ethanol solution due to its relatively low boiling temperature. In
order to spatially localize a typically self-propelled Leidenfrost droplet, the copper surface is
structured as a ratchet trap of concentric grids, in analogy to ref. [51]. The ratchet is fixed on a
heating plate (HP) with a thermopaste and set to 300 °C. The needle is placed at a minimal height
of 2.5 mm above the heating plate, such that the droplet is still detaching from the cannula while
its initial potential energy is minimized when it drops onto the surface. An exemplary image of
a Leidenfrost droplet is shown in Fig. 5(b). Note that, in order to trap the droplet stably in the
ratchet trap center, two ratchet periods are chosen to be bigger then the diameter of the droplet.
We observe the droplet illuminating it by a blue LED (Argp = 405 nm) and imaging it with a
high-speed camera (NX8-S2 IDT; 1000 fps, 8.68 x 8.68 um? pixel size) from the side. Onto the
same camera, we simultaneously image the transverse light intensity structure, shaped by passing
through the droplet (see Fig. 5(a)). The magnification of the imaging system (1.12 um per pixel
for the light intensity) is defined by the X20 MO and the teleobjective on the camera in a way,
that dynamic behavior of the Leidenfrost droplet (see next section), which is transfered to the
light field, can be completely captured on the camera chip. Compared to the camera exposure
time (1 ms), the difference in propagation time for the two observation arms can be neglected.

4.2. Bouncing Leidenfrost droplet lenses

Even though the shape of the Leidenfrost droplet levitating above a heated surface can be
approximated by a spheroid, the dynamics related to the Leidenfrost effect and, in particular, the
initial potential energy of the droplet — when placing the drop onto the heated surface — strongly
effects the evolution of the droplet’s shape in time. Thus, the relative position of the droplet
surface to the beam waist varies in a micrometer range, which is negligible compared to the
Rayleigh range of the incoming beam (z; = 1.195 m). In the Visualization 1 (see Supplementary
Video Material), which is represented as a time lapse in Fig. 5(d), we demonstrate our observation
of the high-speed dynamics of the droplet shape and the intensity structure sculpted by the
respective dynamic droplet lens, namely, the evolution of an exemplary Leidenfrost droplet
(top) and the respective light field intensity (bottom) in a selected (x, y)-plane (z & 1320 um)
during a time span of At = 13 ms. Figure 5(c) depicts the respective droplet shape evolution by
overlapping the contour of the outer droplet edge extracted from each experimentally captured
camera frame; the corresponding point in time is color-coded (see colorbar below).

Although the changes in the shapes of the droplet may appear minor when the droplet is
captured as a 2D image with a camera, its significance become apparent when the transmitted
light field is examined. The light intensity not only reveals the bouncing behavior of the droplet
on the heated surface, but also the changes in the 3D shape of the droplet lens. The approximately
vertical bouncing of the droplet mainly originates from its initial potential energy that causes the
droplet to expand in the vertical direction, enlarging its vertical semi-axis R, while narrowing
its horizontal axes R,;, as visible in Fig. 5(c). Additionally, upon bouncing, the droplet also
deviates from the rotational symmetric shape of a typical spheroid, as highlighted for r = 2 ms,
Fig. 5(d). The blue and pink dashed lines represent two different elliptical fits of the left and
right outer edge of the droplet, respectively. This asymmetry might also occur in the (x, y)-plane,
which is invisible for the 2D projection onto the camera. Due to the overall bouncing behavior,
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Fig. 5. Experimentally observed beam shaping by dynamic Leidenfrost droplet lenses. (a)
Sketch of the experimental system which enables simultaneous observation of the Leidenfrost
droplet shape (blue illumination) and the shaped intensity structure (green laser) with a
single high speed camera (NX8-S2 IDT, up to 4000 fps, pixel size: 8.68 pum). L: lens; LED:
light emitting diode, A; gp = 405 nm; MO: microscope objective; MP: microfluidic pump;
M: mirror; BS: beam splitter; HP: heating plate. (b) Exemplary image of a Leidenfrost
droplet lens in a ratchet trap (scale bar: 2mm). (c) Color-coded time (¢) evolution of the
droplet shape within 13 ms. (d) Visualization 1 in the form of time lapse with 1 ms steps
between camera frames shows the observed evolution of the droplet shape (top row; scale
bar: 1 mm) and resulting transverse intensity structure (bottom row; scale bar: 100 um). The
propagation axis of the laser beam is indicated by the green horizontal line (propagation
from left to right). The elliptical fit (blue/pink; + = 2 ms) corresponds to the numerical
simulation in Fig. 6(d)
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the propagation axis of the laser beam, sketched in green in (d), does not necessarily meet the
center of the droplet lens or intersect with any of the droplets’ semi-axes. As a consequence,
the bouncing of the droplet lens becomes visible by a change in the transverse position of the
observed intensity distribution (bottom rows in (d)), since the propagation direction of light
changes accordingly when passing through the lens. The 3D bouncing dynamics of the droplet is
encoded onto the passing light field, revealed in the horizontal and vertical position of the center
of the observed intensity structure. Hence, the complex light field behind the droplet can unveil
integral droplet information, invisible for a standard 2D side projection.

4.3. 3D intensity structures formed by the dynamic droplet lens

The dynamics of the Leidenfrost droplet and its respective 3D shape not only define the
transverse position of the observed intensity distribution, but also sculpt the intensity distribution
itself, as depicted in Fig. 5(d) (bottom rows). Particularly, we observe intensity lines (e.g.
t = {6, 13} ms), hyperbolic, or elliptical structures including intensity fringes or rings, respectively
(e.g. t = {1, 11} ms), defined by the shape of the focusing droplet surfaces and, caused by
these, aberrations. The light structures resemble the observations for the astigmatic droplet lens
formed on a Taro leaf (see Fig. 4). In contrast, for the Leidenfrost droplets, at specific times, the
intensity lines as well as the ellipses are not aligned horizontally/ vertically, but are tilted. This
tilting is related to the 3D shape of the droplet, what is confirmed when comparing to numerical
calculations.

Note that, due to the extremely fast oscillation dynamics of the Leidenfrost droplet, experimen-
tally, only a single transverse light intensity structure can be captured at a time. Thus, the 3D
intensity structure formed after the droplet can only be obtained numerically by extracting the
droplet shape from the image and simulating intensity distribution behind the liquid droplet lens.

Figure 6 shows numerical simulations of the longitudinal and transverse intensity distributions
for Leidenfrost droplet lenses of different (y, z)-shapes extracted from the experimental images
in Fig. 5(d) at (a) 10 ms, (b) 11 ms and (c) 13 ms. These images correspond to snapshots in the
downward motion of the bouncing dynamics of the Leidenfrost droplet. From the extracted 2D
elliptical droplet shapes, we approximate the 3D surface of the lens by a spheroid. Since previous
experimental studies [11,45] showed that the temperature variations within the Leidenfrost
droplet are limited to a few degrees, we assume the lens to have a homogeneous refractive index
n = 1.342 for ethanol at the temperature 7 ~ 60 o C. For best illustration of the 3D intensity
structures at different times, the origin of the numerical coordinate system is located at the center
of the droplet, while the position of the propagation axis of the Gaussian input beam is shifted
in height (see green line in Fig. 5(d)), neglecting possible shits in +x-direction. Hence, based
on this offset, light propagation behind the droplet is characterized by an asymmetric focusing
behavior in y-direction, which is confirmed by the longitudinal and selected transverse intensity
images (z; = 1320 um, z = 1510 um, and z3 = 1600 wm). Furthermore, the z-position of the
tangential and the sagittal focal plane changes with the time-dependent ratio of the semi-axes
Ry and R,;. If the Leidenfrost droplet is almost spherical, both focal planes are approximately
located at the same z-position (Fig. 6 (b)). If the droplet has the shape of a flat spheroid (Fig. 6
(c)), the tangential focal plane is located closer to the droplet than the sagittal focal plane. If
the droplet is elongated in the vertical direction, the position of the focal planes is the other way
around (Fig. 6 (a)).

Confirming our experimental observation close to z;, the numerical transverse intensity
distributions at z; not only reveal the expected asymmetry but also exhibit the elliptical or
approximately line-like intensity distributions with intensity fringes due to spherical aberration.
In general, from z; to z3, the variation between vertically and horizontally extended light
structures and fringes (no fringes) before (behind) tangential (sagittal) plane resembles the
focusing behavior of droplet lenses on a Taro leaf. Additionally, cusp-like intensity structures, as
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Fig. 6. Numerical investigation of Leidenfrost droplet lens properties. We show longitudinal
(left) and transverse (right) intensity distributions for droplet lenses with semi-axes (a)
Ry = 0.77 mm, R,; = 0.80 mm, (b) Ry = 0.78 mm, Ry; = 0.77 mm, (¢) Ry = 0.75
mm, Ry; = 0.83 mm, and (d) Ry = 0.83 mm, Ry, front = 0.67 mm, Ry, pacx = 0.9 mm
extracted from the experimentally observed droplet shapes at 10 ms, 11 ms, 13 ms and 2
ms, respectively (cf. Fig. 5(d)). The intensity in the (x, z)- and (y, z)-plane is normalized
to the maximal focal intensity /s. The origin of the y—axis is located at the droplet center.
The transverse intensity for the planes z; is plotted on a scale normalized to the maximum
intensity max(z;) in each plane. The respective scaling factors Imax(z;)/Iy are given within
the images.

known for non-parabolic lenses, can be found within the elliptical structures for z; > in (a) and z;
in (b). This characteristic is also observed experimentally, e.g. at t = [3, 5] ms in Fig. 5(d). For
the flatter droplet in (c), a cusp-like shape of lower intensity can be seen below the high-intensity
horizontal line. This structure is narrowing with increasing z, forming hyperbolic transverse
structures with a cusp at its top and bottom, similar to the distribution in z;, before creating the
vertical focal line at z3. Similar hyperbolic distributions are found at r = {1, 7, 8} ms in the
experimental results.

However, the experimentally observed 2D droplet shapes captured by the camera in the
(v, z)-plane cannot be approximated well by a single elliptical fit for all the shapes. For example,
the droplet shape at 2 ms (cf. Fig. 5(d)) shows a different curvature for the front and rear droplet
surfaces. To approximate its interface, we fit two separate ellipses to the front and back of the
droplet in the (y, z)-plane and overlap the geometries of two half-spheroids to a joint interface
(see blue/ pink dashed fit in Fig. 5(d), ¢ = 2ms). The two spheroids have the same semi-axis
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Ry in vertical direction but different semi-axis R, in horizontal direction. The numerically
obtained longitudinal and transverse intensity distributions for this geometry are presented in
Fig. 6(d). Also in this case we observe an asymmetry in y-direction, due to the position of
the beam propagation axis, as well as a line-like or hyperbolic transverse intensity distribution.
Qualitatively, the presented results for symmetric and asymmetric droplets are similar. However,
the combination of the interfaces of the asymmetric drop shifts the tangential and sagittal focal
plane significantly in +z-direction compared to symmetric examples (see z-axis in Fig. 6(d)).
Note that the asymmetries and tilting in x-direction of the experimentally observed transverse
intensity structures cannot be observed in the presented numerical results in Fig. 6. In the
respective simulations, the droplet is assumed to be a symmetric 3D spheroid (in Fig. 6(a)-(c)) or
combination of two 3D spheroids (in Fig. 6(d)) with semi-axes extracted from the captured 2D
images of the bouncing droplet. Shifts between beam axis and ellipsoid center in x—direction are
not accounted for in the presented simulations. In the experiment, however, offsets in x—direction
and deviations of the droplet from a perfect ellipsoidal shape give rise to an asymmetric intensity
distribution in x-direction (cf. Fig. 5(d)). This observation highlights the potential of our
experimental approach to encode a majority of droplet information into the passing light.

5. Conclusion

We have proposed an advanced analysis approach to study the light-structuring properties of
levitating droplets on liquid-repelling surfaces, exploiting their action as biconvex liquid droplet
lenses. The presented method has the potential to encode a manifold of droplet information onto
a passing light field. As illustrative examples, we experimentally investigated the 2D and/or 3D
intensity structure created by droplet lenses which are formed on a non-wetting Taro leaf or by
the Leidenfrost effect and provided numerical verification for our results. For droplets on a Taro
leaf, we demonstrated a combination of spherical and astigmatic aberrations, resulting in a 3D
intensity structure with two focal planes of orthogonal focal intensity lines. While droplets on
a non-wetting Taro leaf are stable for the planar surface, Leidenfrost droplets show dynamic
changes in their shape, deviating from an obsolete spheroid. We presented how these dynamics
manifest in clear changes in the shaped intensity, e.g. shifting the propagation direction of the
beam, its focal position(s) in propagation direction or transverse distribution.

The analysis of the light field behind the biconvex droplet lenses holds the potential to gain
various different and even typically "invisible" information on the properties of droplets on
liquid-repelling surfaces and the phenomena influencing these properties. For instance, for
droplet lenses on a Taro leaf, the droplet volume affects the liquid lens curvatures and also the
propagation distance of light through the lens, which, in turn, also effects the focal intensity
structure. Another crucial droplet property, which defines the output intensity distribution, is the
refractive index of the liquid. While the droplet shape can be determined from standard camera
images, the refractive index is an invisible property for the camera, but could be obtained from the
3D intensity structure shaped by the droplet lens. Furthermore, for Leidenfrost droplets, besides
detecting its bouncing behavior, for larger volumes even its shape oscillation in the horizontal
plane [52] could be observed. Beyond, invisible properties as its internal flow dynamics [11]
could be additionally imprinted into light, as it has been shown by implementing structured
light for detecting fluid dynamics [22]. Our approach to analyze the light-shaping features of
droplet lenses on liquid-repelling surfaces promise advancement of standard imaging techniques
to enable the full decoding of droplet properties by implementing structured light as information
carrier.
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