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Droplet impingement on vibrating surfaces is 
ubiquitous in nature and industrial applications, 
including impact on insect wings, plant leaves, or 
turbine blades. Droplet dynamics of water impact on 
stationary rigid superhydrophobic surfaces are well 
understood [1]. It has been shown previously that 
contact times tc, i.e. the time between initial contact 
between droplet and substrate and lift-off, is 
independent of impact velocity [2]. Here, we show that 
substrate vibrations, both active (forced vibration) and 
passive (flexible substrate) can manipulate droplet 
dynamics and contact times. Using high-speed imaging, 
we studied the bouncing behavior of millimetric water 
droplets impinging superhydrophobic surfaces with 
impact speeds up to 2.2 m/s. During forced vibration, 
the rigid substrate was vibrating at frequencies of 60 – 
320 Hz and amplitudes of 0.2 – 2.5 mm. We 
investigated the dependency of contact times on 
vibration frequency, amplitude, and impact phase. To 
study the effect of passive vibrations, we fabricated 
flexible superhydrophobic polymer substrates with 
stiffness ranging from 0.5 to 7630 N/m (rigid), and 
corresponding natural frequencies of 12 to 300 Hz. The 
impact force caused vibrating amplitudes up to 2.7 mm.  

Substrate vibrations can strongly influence the 
droplet shape and contact time during recoil and lift-off. 
On a stationary rigid superhydrophobic surface, 
droplets spread, completely recoil and then lift off. On 
flexible surfaces, droplets can leave the surface in a 
pancake-like shape before fully recoiling due to a 
springboard effect. Upon impact, the droplet initiates, or 
intensifies, substrate vibration. Spreading on the 
flexible substrates is similar to that on a rigid surface. 
During recoil, however, the vibration of the flexible 
substrate accelerates the droplet upwards prior to it 
being able to completely recoil, and the contact time is 
reduced (Fig. 1).  

We observed a similar lift-off behavior on some of 
the rigid vibrating surfaces. However, droplet dynamics 
and contact times on these rigid surfaces subject to 
forced vibration were much more diverse than on 
passive, flexible substrates. Depending on the phase, 
frequency, and amplitude of the vibration, we identified 
five different classes of droplet dynamics: Pancake 

bouncing, tulip splashing, droplet re-attachment, crown 
splashing, and jetting. Contact times can range from  
tc ≈ 0.5tc,th (pancake bouncing) to tc ≈ 1.6tc,th 
(re-attachment and jetting), where tc,th is the theoretical 
contact time on a stationary substrate. The droplet 
shape and thus contact time is a strong function of the 
impact phase. We determined a critical impact phase at 
which contact times transition rapidly from a minimum 
to the maximum (Fig. 2). Taking into account the 
probability of impact at a given phase we show that for 
low frequencies (< 80 Hz) average contact times 
increase, i.e. tc > tc,th, while contact times decrease for 
impact at higher vibration frequencies (> 100 Hz) (Fig. 
3).  

This study provides new insights into droplet 
impact physics on passive and active vibrating surfaces. 
We also develop guidelines for the rational design of 
surfaces to achieve controllable droplet wetting in 
applications utilizing vibration. 
 
Acknowledgements. This work was supported by the 
National Science Foundation Engineering Research 
Center for Power Optimization of Electro Thermal 
Systems (POETS) with cooperative agreement 
EEC-1449548. N. Miljkovic gratefully acknowledges the 
funding support from the Office of Naval Research 
(ONR) with Dr. Mark Spector as the program manager 
(Grant No. N00014-16-1-2625). N. Miljkovic gratefully 
acknowledges the support of the International Institute 
for Carbon Neutral Energy Research (WPI-I2CNER), 
sponsored by the Japanese Ministry of Education, 
Culture, Sports, Science and Technology. 
 
 
References 
 
[1] Yarin, A. L. DROP IMPACT DYNAMICS: Splashing, 
Spreading, Receding, Bouncing…. Annu. Rev. Fluid 
Mech. 38, 159–192 (2006).  
[2] Richard, D., Clanet, C. & Quéré, D. Surface 
phenomena: Contact time of a bouncing drop. Nature 
417, 811–811 (2002).  



3rd International Conference on Droplets  
University of California Los Angeles, USA, July 24th to 26th, 2017 

 

Fig. 1: Droplet impact on a flexible superhydrophobic substrate. Droplet impact causes the substrate to 
vibrate. The resulting springboard effect results in early droplet lift-off in a pancake shape and reduced 
contact time. 

 
Fig. 2: Normalized contact times as a function of impact phase on vibrating rigid superhydrophobic 
surfaces. For each frequency, contact times suddenly increase at a certain impact phase and decrease 
thereafter. 
 

 
Fig. 3: Average normalized contact times for droplet impact on rigid vibrating rigid superhydrophobic 
surfaces. Contact times can be actively controlled via the substrate vibration frequency. 
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Thermal dissipation from microelectronic packaging 
is increasingly challenging as heat flux of electronics 
continues to rise. The promising performance of 
evaporative cooling of small-area high-flux heat 
sources has recently garnered significant attention 
[1-3]. The passive cooling technique of evaporative 
heat transfer often utilizes a porous medium that 
wicks a working fluid to the hot spot by capillary 
action. In this process, evaporative heat transfer 
achieves effective thermal transport performances by 
utilizing the latent heat of the working fluid. 
 
The porous media used in recent wicking and 
evaporation studies have included sintered particles 
[4,5], micropillars [6], carbon nanotubes [7], 
nanowires [8], and inverse opals [9,10]. These 
microstructures are often varied in dimensional 
characteristics failing in elucidating the structural 
effects on evaporative cooling. Inverse opals (IOs) 
possess crystalline arranged pores that are uniform 
in size and are relatively new in wicking applications. 
Inverse opals attain high level of porosity and surface 
area to volume ratio, making them ideal for two-
phase thermal transport. Despite numerous 
advantages, the evaporative heat transfer of IOs is 

been underexplored.  
 
In this work, we suggest using copper IOs as an 
advanced wicking medium [11]. We employ a 
templated-assisted electrodeposition to fabricate the 
copper IOs [12]. In the first step of the fabrication, 
sacrificial spheres are deposited into crystalline 
packing via self-assembly. Copper is then 
electroplated into the empty voids between the 
templated spheres. After dissolving the sacrificial 
spheres, a copper scaffold is revealed to show the 
inverted structure (Figure 1).  
 
The wicking and evaporative characteristics are 
examined by vertically placing the copper IOs inside 
a sealed chamber for a controlled evaporation 
environment. The copper IO sample on a silicon 
substrate is slowly lowered until it comes in contact 
with the pool reservoir of isopropyl alcohol, which is 
used as the working fluid due to its low surface 
tension and desirable wettability on the copper 
surface. The liquid is immediately wicked up through 
the IOs. The rate of front propagation is monitored 
with a camera at 30 fps. The copper IO sample is 
then heated with joule heating by controlling the 
applied voltage and current with a DC power supply. 
As temperature slowly increases, the thin film of 
liquid evaporates, which is confirmed by observing 
the receding propagated front. The large meniscus 
contact region between the liquid reservoir and the 
sample sustains a constant liquid-feeding through the 
porous IOs. The surface temperature is confirmed 
using an attached thermocouple. High resolution 
thermal imaging from an infrared camera displays the 
changes of the two-dimensional temperature. By 
analyzing the differences in temperature, evaporative 
heat transfer coefficients as well as heat fluxes can 
be determined.  The mass of the pool reservoir is 
weighed by an electronic balance over time, which is 
used to determine the mass flow rate of the working 
fluid that undergoes wicking and evaporation.  
 
In order to determine the effects of structural 
characteristics of the copper IOs on the thermal and 
hydrodynamic transport, the pore size and 
interconnect via size (see Figure 1) will be 
systematically controlled using a template method 
and electroetching process, respectively. The 
modulation of the pore and via size significantly 
affects the permeability of the porous medium and 

	

Figure 1. A cross-sectional SEM image of 
representative copper inverse opals. For this sample, 
600 nm diameter pores are arranged in a crystalline 
order. The permeability of the inverse opal is 
determined by the via that interconnects adjacent 
pores. The scale bar of the inset is 2 µm.  
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thus, the effective transport rates. Characterization 
from scanning electron microscopy (SEM) will 
confirm the changes in the morphology of the copper 
IOs.  
 
In conjunction with widening the interconnected via 
size, electroetching also creates nanotextures on the 
surface of the copper IOs (Figure 2). The roughened 
surface will have an influence on the wettability of the 
copper IOs, which can be examined by measuring 
the dynamic contact angle of the sample. With inkjet 
technology, picoliter sized droplets can be dispensed 
onto the nanotextured and porous IOs. Controlling 
the discharging frequency allows the advancing 
angles to be observed. As the droplet quickly 
evaporates, the contact angle decreases as a 
function of time as it reaches the receding angle. A 
high-speed camera operating at 100,000 fps is used 
to capture the evolutional changes of contact angle 
with time.  
 
In summary, copper IOs are promising nanowicks in 
evaporative cooling devices due to its low-
maintenance and self-pumping mechanism. 
Understanding the wicking performance of crystalline 
copper IOs under thermal loading can help elucidate 
its application and potential design in next-generation 
heat pipes and thermal ground planes.  
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Figure 2. A top view SEM image of a copper inverse 
opal after electroetching process. After several 
electroetching cycles, increases in via size as well as 
formation of nanotextures on the surface of each pores 
are observed. The rough surface may contribute to 
improved wicking behavior.  
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Drop impacts are an increasingly popular 
subject for study, especially given the quality of modern 
high speed imaging techniques. Drops are of obvious 
practical importance as well, whether in the fine mists 
of industrial sprays, or falling as rain [7,12]. This project 
is motivated by the former, specifically, agricultural 
sprays. This area provides a myriad of opportunities to 
study interesting drop phenomena. In addition to using 
a variety of fluids between applications, there are often 
multiple crops of interest, and the different anatomy of 
individual crops provide their own challenges (e.g. 
blossoms require different handling than fruit, vines, or 
leaves) [11].  

How water drops interact with plant surfaces 
is well-known, leading to the eponymous rose-petal or 
lotus effects, where drops can adhere or roll along the 
surface, without truly wetting that surface. In those 
instances, petals and leaves lend themselves well to 
simple experimental investigations because, relative to 
drop size, the impact surfaces are effectively flat. This 
is not the case for flower stigma or grape clusters, 
which have variable wetting morphologies and complex 
structural geometries. One must also consider multiple 
relevant time scales, and keep track of the forms of 
energy. There is elastic deformation of both the drop 
and structures, the formation of new surfaces and 
interfaces, and drag of a solid surface through a liquid if 
the drop carries through the structure. 

The presented experiments utilize flexible 
fibers mounted as a cantilevered beam to simulate the 
reproductive anatomy of a blossom. Multiple studies 
have been conducted with drops impacting individual 
fibers, arrays of fibers, or cantilevered beams, as the 
applications of the phenomena range from textile 
treatment to piezoelectric energy harvesting [1-6]. 
Multiple experimental parameters are pertinent in this 
scenario, including the ratio of the fiber diameter to that 
of the drop, the kinetic energy of the drop, the impact 
parameter (the eccentricity of the drop’s center with 
respect to the fiber’s main axis) of the drop, the liquid 
properties of the drop, and the structural properties of 
the fiber. This study focuses on the role of the structural 
properties of the fiber, both its elasticity and its surface 
interactions with the liquid drop. 

Drops were produced via flow through a 
hypodermic needle, then detaching and falling. Fibers 
were treated with polyurethane to increase the contact 
angle. The contact angle was determined using the 
method for contact angle on fibers developed in 
reference [8]. The Young’s modulus using standard 
methods. Untreated fibers were segments of FEP 
microfluidic tubing, known to be hydrophobic. The 

experiments were filmed, from the front, side, and 
beneath, using a Photron Fastcam S5, and the videos 
were analysed using standard image processing 
techniques. 

The experiments show that while a 
hydrophilic fiber will always retain some fluid 
post-impact, hydrophobic fibers only retain a significant 
volume of fluid if the drop is of a critical capture velocity 
as predicted by [1]. However, in those cases, because 
the entirety of the drop remains on the fiber, the 
efficiency of drop capturing is higher. 

There is also a difference in the two cases in 
the oscillatory behavior of the fiber post-impact when a 
drop is not captured. Because the drop is in contact 
with and deforming a hydrophobic fiber for a longer 
time scale over the course of impact, the tip of the fiber 
is deflected farther initially. Furthermore, the amount of 
fluid left behind in the hydrophilic case results in higher 
damping of the fiber post impact.  

Future work will involve the use of blossoms 
and industrial sprays to confirm that the described 
physical processes influence the effectiveness of 
chosen technology. If so, then available models will 
serve as a useful guide for selecting spray systems with 
the optimum drop characteristics for the application of 
interest. 
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Following a liquid drop impact on to a solid surface, the 
liquid typically forms a thin lamella which spreads over 
the surface [1, 2]. In this study, we focus on the 
interaction between the edge of the spreading laemlla 
and a micrometer-scale ridge on an otherwise flat 
surface. Research into water droplet impacts onto 
micropatterned solid surfaces is a growing area of 
interest [3, 4].  
 
The lamella-ridge interaction is especially relevant in 
two areas that have recently been prominent in the 
literature. Firstly, researchers have noted the ability to 
reduce a droplet’s contact time by direct impact on a 
thin hydrophobic ridge [5, 6]. In applications where the 
drop incidence is stochastic, droplets will more 
commonly impact the surface some distance away from 
a ridge, after which a spreading lamina will impact the 
ridge from the side.  
 
The second area of specific relevance concerns the 
interplay between spreading dynamics and the Cassie 
and Wenzel states, which are more familiar from 
quasi-static wetting experiments. In the Cassie state, 
which is characteristic of superhydrophobic surfaces, 
the liquid is pinned on top of the surface microstructure, 
leaving air pockets adjacent to the surface. In the 
Wenzel state, the liquid completely wets the 
microstructure. Drop impact experiments have shown 
that pillar array microstructures can be penetrated over 
a limited area directly below the impact point, while the 
lamella edge spreads on top of the pillars [7-9].  
 
In this study, we are using numerical simulations and 
high-speed photography experiments to elucidate the 
mechanism and conditions under which the spreading 
lamina surmounts a surface ridge. Three basic 
outcomes have been observed when the lamella 
comes into contact with the ridge (Fig. 1). Firstly, the 
advance of the lamella may be arrested before the drop 
reaches the far side of the ridge, an outcome known as 
pinning. Wetting, the second outcome, occurs when the 
drop advances and spreads over the surface beyond 
the ridge, while remaining intact. The third outcome is 
splashing, when smaller drops are generated with the 
lamella edge in contact with the ridge. In this work, we 
apply these classifications to the lamella when it is at 
maximum spread.  
 

 
 
Figure 1: Schematic demonstration of lamella-ridge 
outcomes classified as pinning (upper), wetting 
(middle), and splashing (lower). 
 
A Lattice-Boltzmann computational model was used to 
simulate impacts (Fig 2(a)). A key advantage to this 
approach is the ability to effectively simulate the air 
which escapes from underneath the drop as it comes 
into contact with the surface. In this initial work, a two 
dimensional model was used, so that the drop can be 
thought of as an impacting cylinder.  
 
Experiments (Fig. 2(b)) have been carried out using a 
Photron Fastcam SA5 high-speed camera, with the 
water drop impact viewed from side-on. Ridges were 
created on PDMS substrates using soft lithography, 
with height and width in the range 40-100 µm. Drops 
were typically 2-3 mm in diameter, with impact Weber 
numbers ranging from approximately 50 to 250. Results 
show good agreement between the qualitative 
outcomes observed in experiments and simulations. 
(Figure 2). 
 
The key parameters for analysis are the initial drop 
diameter (D0), which is typically used to 
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Figure 2: A spreading lamella comes into contact with a microscopic ridge, which causes it to lift off from the 
surface. (a) Lattice-Boltzmann simulation. (b) Image from a high-speed video captured at ~7000 frames per 
second. 

non-dimensionalise length scales, the distance from 
the drop impact point to the near edge of the ridge (DR), 
and the height and width of the rectangular ridge. 
Analysis is initially being carried out using simple 
energy conservation arguments – i.e by equating the 
increased surface energy of the drop at maximum 
spread with the kinetic energy at impact. Although 
significant energy is lost due to viscosity during 
spreading [10], this model correctly predicts the general 
shape of the pinning-wetting phase boundary as a 
function of Weber number and DR / D0. Moreover, the 
simplicity of the model means that it can be adapted to 
explore possible quantitative agreement between the 
two dimensional simulations and the experimental 
outcomes. 
 
These initial results have shown that simple models 
can be developed to predict outcomes when a 
spreading lamella meets a surface ridge. Experiments 
are continuing with the aim of further elucidating the 
wetting-splashing phase boundary in particular. Further 
analyses are being developed to account for the 
viscous losses and the specific dynamics of the lamella 
as it comes into contact with the ridge. We also plan to 
extend the Lattice-Boltzmann modelling to three 
dimensions. The work could also be extended to other 
geometries, such as pillars or parts of pillar arrays, in 
order to understand how the drop ‘leaps’ from the 
penetrated microstructure to spreading on top of posts 
in an array. 
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1. Introduction
Polycarbonate is used in protection pieces such as diving mask visors. However, the presence of dew impairs surfaces’
transparency by degrading light transmission. In order to improve visibility through these optical surfaces covered by
dew, the knowledge of wettability properties is essential [1]. It is possible to modify interface wettability conditions by
managing chemical and/or topographical properties [2, 3]. For anti-fogging treatments, the chemical approach is the most
widespread in industries. However, it is expensive and has a limited life time. The topographical approach, studied in
these works, has already been explored to optimize the condensers efficiency and thus favor water droplet formation [4].
Contrary to this kind of work, we search to limit the presence of droplets on a polycarbonate surface by creating a uniform
liquid film. Consequently, we developed surface texturing methods and a dew control and observation apparatus.

2. Surfaces texturing
The polycarbonate surfaces are textured by micromachining. Two approaches can be highlighted: direct and indirect
texturing. In the first case, the cutting tools modify surfaces by direct interaction. In the last case, a mold is textured and
surfaces are reproduced by molding injection [5]. For industrial applications, indirect approach is more pertinent. Indeed,
it does not generate additional step on the injection molding production line.

3. Dew tracking and observation setup
For controlled and repeatable observations [6], the samples are placed in a box controlled on temperature and relative
humidity (FIGURE 1). The humidity is produced by mixing an approximately dry air and a water-saturated air. This
method allows the box humidity to be set between 15 % and 60 % during condensation tests.

Figure 1: Drawing of the experimental apparatus and an experimental dew picture on non-textured polycarbonate surface.

To control the dew formation location, the samples are fitted on a cooled surface allowing its to reach a temperature
lower than the dew point temperature (below this temperature water starts condensing).

The analysis of the condensation figures are realized with a video camera. A sequence of pictures taken at a normal
incidence (FIGURE 1), is analyzed as a function of time to localize, to count and to measure the radii and the orientations
of the droplets.
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Nicolas Pionnier: E-mail: nicolas.pionnier@doctorant.ec-lyon.fr, WWW: http://www.ltds.ec-lyon.fr, Telephone: +33 (0)4 72 18 62 48
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4. Results
The analysis of the condensation figures on non-textured and textured polycarbonate will be presented. The texturation
objective is to create filmwise condensation. An example showing condensation behavior on a surface textured with a
cavity pattern is presented FIGURE 2. Different types of textured patterns were tested and a study of the optimum pattern
parameters will be presented. Moreover, the condensation phenomenon of these textured surfaces will be described step
by step.

Figure 2: Pictures of polycarbonate surface textured with holes. (a) Before condensation (t=0 min). (b) During condensa-
tion test at t=2 h 20 min.
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Dropwise condensation is know be more efficient in 
heat transfer than filmwise condensation. In case of 
dropwise condensation, efficient removal of drops from 
the condensor surface is crucial to maximize heat 
transfer. In this paper, we explore the use of 
electrowetting-functionalized surfaces to control the 
condensation of water vapor and to enhance the 
shedding of drops.  
 
Using interdigitated electrodes submerged under a 
surface of Teflon AF, we show that the distribution of 
condensing drops can be actively controlled. Small 
drops are found to align preferentially along the edges 
of the electrodes, somewhat larger drops are found to 
become centered in between adjacent electrodes. 
These effects are can be explained semiquantitatively 
by considering the electrostatic energy landscape 
generated by the electrodes: balancing electrostatic 
forces with pinning forces due to finite contact angle 
hysteresis [2, 3] provides a reasonable description of 
the threshold for mobilizing drops.  
 
Drop mobilization is frequently accompanied by 
coalescence. The abrupt increase in drop size upon 
coalescence in combination with the AC excitation 
using electrowetting enables efficient shedding of the 
drops from the surface in the presence of gravity. The 
drop characteristic size before shedding is found to be 
substantially smaller than on non-electrified control 
surfaces. This can be explained by the well-known 
electrowetting-induced reduction of the effective 
contact angle hysteresis in ambient air [3].  
 
All these observations point towards a significant 
enhancement of the heat transfer as compared to 
conventional dropwise condensation.  
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We study the breakup of a high-viscosity drop impacting on a 
thin film of low-viscosity liquid, which also has lower surface 
tension, σ.  The thin film effectively produces free slip of the 
drop liquid along the solid and makes it deform into a 
prominent crown shape, shown in Figure 1. The breakup of 
this crown is fundamentally different if the surface tension of 
the film is lower than that of the drop.  Previous experiments 
[1,2] proposed that this crown-breakup resulted from a spray 
of fine droplets ejected from the thin film. These droplets hit 
the interior of the crown, forming spots with lower surface 
tension, driving the formation of a myriad of holes.   Figure 1 
compares the breakup when the surface tension of the film is 
lower in part (a) vs the film having the same surface tension 
as the drop in (b).  The two sequences are qualitatively 
different, with multiple holes causing the breakup on the left 
vs edge- breakup on the right. 
 
Herein we use high-speed video techniques to test the validity 
of this break-up mechanism using close-up imaging to identify 
individual spray droplets.  The video footages show how the 
fine droplets emerge from the breakup of the thin sheet of film 
liquid.  Subsequently these spray droplets hit the crown and 
promote the hole formation.  The holes form in two steps.  
First, the divergence in the surface stress thins the crown 
locally; secondly, this thinner section ruptures.  This is 
shown in the close-up top view in Figure 2, where individual 
drops are tracked and shown to form the holes. We therefore 
conclude that the breakup is indeed due to Marangoni 
instability. 
 
To further investigate this, we have varied three main 
parameters: The viscosity of the drop µd, the surface tension 
of the thin film and thereby the strength of Δσ and finally the 
thickness of the film on the solid surface δ.  Throughout the 
impact experiments, the release height is kept constant at H = 
5.4 m, leading to an impact velocity of U = 9.5 m/s on the thin 
liquid film.  The drop falls through a 4 m long tube to 
minimize sideways drift owing to air motions during the long 
free-fall. The first images in the sequences in Figure 1, show 
that the drops are flattened by air-resistance, making the 
bottom radius of curvature much larger than their equivalent 
spherical shape, which would give D ∼ 5 mm.  We vary Δσ 
from         0 to 42 dyn/cm by changing the ratio of 
isopropanol and water in the mixture used in the thin film 
which is deposited on the solid. We also test different 
glycerin/water mixtures in the drop to change µd from 500 to 
1200 cP. Results are also obtained by varying the thin film 
layer thickness from 1 to 2 mm.   
 
We use the close-up images, similar to those in Figure 2, to 
measure the growth-rate of the holes, for both the thinning 
and the rupture stages.  We find a wide range for the 
growth-rates of the holes, with velocities in the range 1 – 5 
m/s. 

 
 
 

 
 
FIGURE 1. Comparison between crown breakup (a) when 
there is a difference in surface tension between the impact 
drop and the thin liquid film and (b) when the surface tension 
in the drop and thin film is the same. The scale bars are 5 mm 
long.  The drops are both glycerin, but the film in (a) is 
isopropanol and in (b) is glycerin. 
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This depends on various parameters, such as the thickness 
of the crown sheets, which is difficult to ascertain in our 
measurements. This crown thickness depends on the 
trajectory and shape evolution of the crown, which in turn 
depends primarily on the drop viscosity and the film thickness 
on the solid.   
 

 
 
FIGURE 2. Top view sequence of a 500 cp glycerin/water 
drop impacting on a thin film of isopropanol, with a strong 
surface tension difference. The scale bar is 5 mm long. 
 
 
In Figure 3 we have colored the drop with blue dye, to show 
clearly where the drop liquid has formed the crown and the 
thin sheet above it must have originated from the film on the  
substrate.  The isopropanol film rises far above the drop 
crown and is pulled towards the centerline by the air-flow.   
Once the sheet ruptures, this air-flow also projects the fine 
spray droplets into the crown to hit the inside wall. 
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FIGURE 3.  The impact of a glycerin drop which has been 
colored with blue food dye.  The thin sheet of isopropanol 
has risen above it and is starting to rupture. The scale bar is 5 
mm long. 
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We study the evaporation of a 2D symmetric, 
incompressible, Newtonian liquid droplet on both flat 
and curved heated substrates. We deploy the 
one-sided model [1] which, together with the lubrication 
approximation, results in an evolution equation for the 
local height of the droplet. Without making any 
pre-assumption for the shape of the drop, we formulate 
the problem for the two modes of evaporation: (i) 
pinned contact line and (ii) moving contact line with 
fixed contact angle. For each evaporation mode, we 
solve the problem numerically for both flat and curved 
solid substrates.  
 
We first analyze the evolution equation for the case of 
flat solid substrates. For the pinned contact line case, 
we observe that after a time interval the contact angle, 
i.e. the angle between the solid and the interface at the 
contact line, dynamics become nonlinear and, 
interestingly, the local contact angle goes to zero in 
advance of total evaporation of the drop, which may 
signal depinning. For the moving contact line case, in 
which the singularity at the contact line is treated by a 
numerical slip model, we find that the droplet nearly 
keeps its initial circular shape and that the contact line 
recedes with constant speed.  
 

We then analyze the problem for various periodic and 
quasi-periodic substrate profiles. For the case of a 
pinned contact line, we find the results to be very 
similar to the flat case. For the case of a moving contact 
line, we study the dynamics of the contact line and the 
apparent contact angle, i.e. the angle that the liquid 
appears to make with the solid surface when viewed at 
such a coarse resolution that the substrate appears flat 
(the angle between the horizon and the interface at the 
contact line). We find that the overall evaporation is 
faster compared to the flat substrates and the contact 
line exhibits an “apparent stick-slip” [2, 3] behavior, 
wherein it spends considerable time moving very 
slowly, giving the appearance of being pinned, followed 
by a shorter, high-speed region in which the speed of 
the contact line shows a spike.   

 
For the simplest case of a periodic substrate, we find 
that the apparent contact angle is periodic in time. For 
doubly periodic substrates, we find that the apparent 
contact angle is again periodic and that the problem 
exhibits a phase-locking behavior. For multi-mode 
quasi-periodic substrates, we find the contact line 
behavior to be temporally complex and not only limited 
to an approximately step-like motion.  
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Superhydrophobicity, or extreme water repellency, is a 
subject that has been studied for nearly a century. 
Alongside the chemical nature of a material, surface 
roughness plays an important role in achieving 
superhydrophobicity. The role of surface texture was 
famously explored by Cassie-Baxter and Wenzel over 
70 years ago [1, 2]. However, only recently has the role 
of roughness in superhydrophobicity been studied 
dynamically [3]. Given the advancements in high speed 
cameras, a wide range of dynamics can now be 
resolved. Understanding the dynamics of 
superhydrophobic wetting is important because the use 
of superhydrophobic materials in applications which 
control and repel water often relies on dynamic effects. 
   
One key discovery in this field was the ability to 
produce asymmetries in the spreading rim of an 
impacting droplet. Liquid droplets impacting hard 
smooth surfaces at low Weber numbers tend to form 
symmetric (circular) spreading patterns. However on 
pillar array surfaces, ‘fingers’ can be formed in the outer 
spreading profile of the droplet (Fig. 1). Recent 
research suggests that the impacting droplet expels the 
underlying air held within the microstructured surface. 
This air flow follows preferred paths which could 
explain the direction of finger formation, usually on-axis 
relative to the surface pattern [4, 5]. We are interested 
in studying this ‘finger’ formation and the effect the 
surface array geometry has on the preferred direction. 
 
This presentation will discuss a systematic study of 
droplet impacts on micropillar array patterns. Pillar 

designs consist of 20 µm diameter circular posts, 
spaced in regular square arrays with pitches ranging 
from 40 µm to 100 µm. With the aid of high speed video 
and video processing techniques, the dynamics of 
surface wetting are studied. Key features that we are 
studying include finger formation, jetting, bubble 
entrapment, asymmetric spreading and surface 
impregnation. Finger formation only occours above a 
critical Weber number. Another interesting thing to note 
is the central bubble region (Fig. 1).  
 
Optically transparent polydimethylsiloxane (PDMS) 
surfaces are created via soft lithography. A Photron 
Fastcam SA5 is used in conjunction with an optical 
beam splitter to record droplet spread in plane. A 
Photron AX50 is sychronized to record droplet spread 
in side profile. Droplets are produced from a custom 
made 3D printed needle alignment system and 
illuminated via shadowgraph techniques. Custom 
Matlab software is used to perform background 
subtraction, binarizing, noise reduction and finally 
region properties. Using this method common variables 
can be calculated quickly, such as droplet diameter, 
velocity, and maximum spread.  
 
Use of image stitching of microscope images and 
optical profilometry ensure samples are of high quality. 
Using image processing we can identify all of the 
objects on the surface. A bad sample is noted to have 
peaks above (bent pillar) and below (missing pillar) the 
expected pillar area (Fig. 2).  
 

 
Figure 1. Images of droplet at maximum spread from impact experiments on a surface consisting of 20 µm 
circular pillars, pitch 40 µm and height 15 µm. The droplet diameter prior to impact is 2.8 mm. a) Weber number 
100, slight protrusions from outer rim. b) Weber number 116, protrusions from outer rim begin to reach criteria 
for fingers. c) Weber number 132, clear fingers are seen along axis of underlying array.   
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Figure 2. Frequency histogram of objects detected on 
the surface of a pillared sample. A bad sample, 
denoted in red, shows objects above and below the 
size of pillars, identifying missing and broken pillars as 
shown in inset a). Blue denotes a good sample, in 
which only objects of the expected size of the pillars are 
found, i.e. no broken or bent pillars, inset b).  
 
Shown in Fig. 3 is a plot of the finger factor of identified 
fingers against their angular diverence from the 
underlaying array axis. The finger factor is a 
dimentionless number showing the ratio of the length of 
the finger extending from the rim to its width. A criteria 
for a finger is that the finger factor is greater then 1, so 
that the protusion extends from the rim a distance 
greater then its width.  
 
As the Weber number increases, the finger factor 
increases as expected due to the increase in the 
maximum spread. However, contrary to previous 
studies, our results show that under certain conditions 
finger formation is preferred at a 45° angle to the 
principal axes of the array [4, 5]. 

 
Figure 3. Finger factor vs divergence from array axis 
obtained from maximum spread images (insets) on a 
surface with 20 µm circular pillars, 60 µm pitch and 15 
µm height. Yellow denotes a droplet with Weber 

number 100, where prominent fingers form along the 
axis i.e. at 0° to the array. Red denotes a droplet with 
Weber number 132, where all protrusions from the rim 
have a higher finger factor, i.e. thin and long. The most 
prominent fingers are concentrated at an angle to the 
array.  
 
Ongoing analysis of the correlation between the array 
geometry and direction of fingers should lead to a 
library of design parameters for specific outcomes. 
Additionally, we can extract time evolution data to study 
to formation of these fingers in a dynamic way.  
 
The topic of droplets impacting micropattern 
surfaces is extensive and we have many 
different avenues of future research. Previous 
studies have show the formation of jets, 
formed within the first few milliseconds of 
impact. It is believed that these jets could 
nucleate the formation of fingers at maximum 
spread. We are also interested in the 
dynamics of droplets retracting on these 
surfaces. Upon retraction the outer rim can 
become pinned to the surface pattern. As the 
retraction phase can greatly increase the 
contact time of a drop this investigation is key 
for optimum functional materials.  
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Pickering emulsions are liquid dispersions stabilized by 
solid particles. They have seen a surge in interest 
during the past two decades, owing to their enhanced 
stability against coalescence over surfactant-stabilized 
emulsions and due to a broad range of emerging 
applications [1], from the controlled release of 
substances for drug delivery [2,3], to the templating of 
new materials [4]. 
Recently, fluorinated Pickering emulsions have been 
combined to droplet-based microfluidics [5,6,7], which 
is a powerful technology for the miniaturization and 
automation of biochemical assays at high-throughput 
[5,6,8]. This technology allows the production and 
controlled manipulation of micron-size droplets carried 
by an immiscible phase within microchannels. The 
interface of droplets is stabilized by a surface-active 
agent, letting each isolated droplet to be considered as 
an independent microreactor. 
To date, three main advantages make fluorinated 
Pickering emulsions attractive over 
surfactant-stabilized emulsions within droplet-based 
microfluidics: First, they have the property of reducing 
transport processes of small molecules between 
droplets [9]; Second, they provide a rigid layer at the 
interface to which adherent cells can bind [10]; Third, 
additional functional groups grafted at the nanoparticle 
interface provide functions such as molecular 
recognition increasing interface functionalities [10,11]. 
However, Pickering emulsions also introduce new 
challenges not encountered before with surfactant 
stabilized systems. For example, the non-specific 
adsorption of enzymes on the nanoparticle surface 
leads to a loss of enzymatic activity. 
PEG-functionalized nanoparticles have been recently 
proposed as a solution to this issue [12].  
Another limiting factor of solid-stabilized emulsions is 
the adsorption dynamics of particles to the interface: 
Significantly higher timescales (~0.6 s) are required to 
stabilized droplets against coalescence [13], in contrast 
to surfactant stabilized emulsions (~0.035 s) [14]; 
translating into smaller throughputs for 
particle-stabilized droplets assays and thus, limiting a 
main advantage of droplet-based microfluidics 
technology. 
The required stabilization time can be reduced by 
increasing the concentration of particles in the 
continuous phase to an excess, that is, in an amount 
that is significantly larger than it is required for the 
complete coverage and stabilization of the droplets. 
However, this leads to the undesired loss of particles, 
and it can also affect the flow properties of the emulsion 
through a thickening effect [15]. 
Nie et al, proposed an “Inside-Out” approach for 

Pickering emulsions fabrication: the particles are 
introduced in the droplets phase allowing to minimize 
the waste of particles [16]. However, this approach is 
not suitable for most of droplet-based microfluidic 
applications where the biochemical material inside 
droplets needs to be isolated. Furthermore, fluorinated 
silica nanoparticles cannot be effectively dispersed in 
the aqueous phase, which limits the application of the 
“inside-out” approach for this system. 
In this study, we proposed a solid-stabilized droplet 
production method which plays with the confinement 
conditions that are manipulated in a microfluidic chip. 
The aim is to promote a faster particle adsorption to the 
interface and to minimize the waste of particles. 
As shown in figure 1, the results between methods are 
compared by measuring stability after coalescence 
through stochastic collisions in coalescence chambers 
as described previously by Baret et al [14].  
 

 
Figure 1. Droplets stability as a function of normalized 
particle concentration for three droplet-production 
methods: (- -  - -) Confinement method #1 (- -  - -) 
Confinement method #2 (- -  - -) Standard droplet 
production. (time scale ~0.015 s) 
 
The stability parameter (p(1)), which is the proportion of 
unfused droplets over the total number of droplets is 
studied as a function of the particles concentration in 
the continuous phase normalized by the minimum 
number of particles required to form one hexagonally 
close packed layer of particles at the droplet interface. 
Our results show that particle adsorption is significantly 
improved by confinement effects and provide an 
additional insight in the understanding of adsorption 
dynamics of particles to the aqueous/oil interface.  
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To better understand how the evaporation of sessile 
drops and small puddles is controlled by the vapor 
phase transport mechanisms of mass diffusion and 
buoyancy-induced (natural) convection, the 
evaporation rates of eight liquids evaporating under a 
broad range of ambient conditions were correlated with 
physical and geometrical properties. The correlation 
provides a simple equation involving conventional 
parameters for diffusive and convective transport and is 
applicable to conditions for which vapor transport limits 
the rate of evaporation. Examination of the correlation 
equation provides valuable insight into how the roles of 
diffusive and convective transport change with physical 
and geometrical parameters; and the correlation is 
much easier to implement than a computational model 
based on the coupled conservation equations of mass, 
energy, and momentum for the two phases. In addition, 
the correlation provides a simple method for predicting 
evaporation rates and thus can be a valuable tool to 
help validate complex computational models and to aid 
in the analyses of applications involving sessile drop 
evaporation. 
 
The correlation fits evaporation rate measurements 
with an RMS relative error of 6%. The experimental 
conditions were designed in order to yield large 
variations in the rates of diffusive and naturally 
convective transport of the vapor. The experimental 
conditions contain a factor of 16.7 variation in liquid 
volatility as indicated by the equilibrium vapor 
pressures, a factor of 52.2 variation in mass 
diffusivities, a factor of 3,557 variation in the density 
difference ratios (the driving force for natural 
convection), and a factor of 22 variation in drop radii. In 
terms of the Rayleigh number, the correlation fits data 
covering a range from 3 to 125,000. As a result, the 
correlation is applicable to a very broad range of 
conditions. 
 
There are two mathematical forms that have been 
commonly used to correlate natural convection-driven 
evaporation. Both forms were developed for the 
evaporation of water. One form relates the Sherwood 
number (Sh), which is a dimensionless mass transfer 
coefficient for evaporation, to the Rayleigh number 
(Ra), which generally represents the relative effects of 
buoyancy and viscosity. A comprehensive review of 
published Sh-Ra correlations was conducted by Bower 
and Saylor [1]. The second popular correlation form is 
the Dalton model. This model relates the evaporation 
rate to the product of a set of velocity-dependent 
coefficients and the difference in partial vapor 
pressures of the evaporating liquid at the drop surface 

and in the ambient air, and the inverse of the latent heat 
of evaporation. A review of Dalton-type correlations 
was conducted by Jodat et al. [2], and they noted the 
inability of the Dalton based correlations to account for 
changes in the vapor density difference. Consequently, 
they proposed a modified Dalton model for natural 
convection. As discussed in [3] the Sh-Ra and the 
Dalton correlations were applied to a large set of 
evaporation rate data of hydrocarbons evaporating in 
air. While neither correlation performed satisfactorily, 
the Sh-Ra correlation performed much better than the 
Dalton correlation. As a consequence, our efforts to 
develop a more comprehensive correlation involved 
expanding and modifying the Sh-Ra correlation. 
 
The new correlation fits measurements of two series of 
experiments which were designed to control the relative 
effects of vapor phase diffusion and buoyancy-induced 
convection. In all of the experiments, the drop was 
contained on a flat aluminum substrate and the drop 
was pinned by surface tension to a confined area in 
order to maintain a constant, controlled size. In one set 
of experiments, the rates of evaporation into air of eight 
hydrocarbons were measured for a broad range of drop 
radius from 1 to 22 mm. (The large drops are more 
aptly described as puddles.) This set of experiments 
was conducted at atmospheric pressure and is referred 
to as the Radius/Component (R/C) experiments. A 
second set of experiments was conducted for which the 
drop was placed in a sealed enclosure, which enabled 
the pressure and the ambient gas surrounding the drop 
to be controlled. The evaporation rates of two 
hydrocarbons, hexane and methanol, evaporating into 
four different gases at pressures from 1 to 6 
atmospheres were measured. The gases were 
selected to provide a broad range of diffusivities and of 
differences between the vapor and gas densities. This 
second set of experiments is referred to as the 
Pressure/Gas (P/G) experiments. 
 
The correlation was applied only to cases for which the 
molecular weight of the evaporating component was 
greater than or equal to the molecular weight of the 
ambient gas, and thus the correlation applies only to 
downward-directed natural convection and not upward 
convection as occurs when the vapor is lighter than the 
ambient gas. All of the experiments were conducted at 
room temperature, 23°C, in order to avoid currents in 
the ambient gas due to thermally-induced natural 
convection. 
 
To successfully correlate the evaporation rate data, it is 
important both to include the important physical and 
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geometric parameters and to use a function that can 
approximate the measured data. The R/C data had 
been correlated previously using a modified form of the 
Sh-Ra relationship [3]. However, this correlation does 
not adequately predict the evaporation rates over the 
expanded range of the P/G data. As a consequence, 
we refined our basic premise regarding the general 
form of the correlation function. The fundamental ideas 
which guided our development of the correlation are: 
 
• Whereas there are many complex details that 

influence evaporation behavior, the net effect on 
the evaporation rate of a sessile drop can be 
predicted based on the drop radius, a small number 
of thermophysical properties, and the ambient 
temperature and pressure. 
o For conditions for which thermal energy 

transfer does not limit the evaporation process, 
the evaporation rate of a pure sessile drop is 
controlled by the vapor transport mechanisms 
of convection and diffusion. 

• Convection and diffusion are coupled. 
o Diffusion spreads out the vapor distribution and 

thereby reduces the density difference ratio, 
which is the impetus for buoyancy-induced 
convection. 

o The term representing the strength of 
convection should be moderated by 
parameters for diffusion and vice-versa. 

• The strength of convection is indicated by the 
Rayleigh number. 
o As the Rayleigh number tends to zero, 

suggesting a lack of convection, the correlation 
should reduce to a purely diffusive evaporation 
rate. 

o We allow the Rayleigh number to be split into 
its dimensionless components and allow each 
dimensionless component to influence the 
correlation independently. Thus while 

, each parameter in 
brackets is allowed to influence the correlation 
independently. 

• To keep the correlation function simple, the 
diffusion-limited evaporation rate is modeled using 
the Weber’s disk equation, which is the solution to 
the steady-state Laplace equation for a circular 
disk [4]. 

• The evaporation rate is equal to the sum of the 
diffusive and the convective vapor transports and 
so the correlation should be a sum of two terms, 
one which represents convection-influenced 
diffusion and the other which represents 
diffusion-influenced convection.  

 
The effectiveness of the correlation is demonstrated by 
Fig. 1, which compares the results of the correlation to 
the Sherwood numbers based on the measured 
evaporation rates. The uncertainty in the measured 
values are represented by error bars. If the correlation 
perfectly fit the measured data, all of the points would 
fall on the dotted line. With a few exceptions the data 
do fall within the length of an error bar of the line. 

 

 
Figure 1. Plot comparing the dimensionless 
evaporation rates computed by the correlation, Shcor, 
versus the dimensionless measured evaporation rates, 
Shm. The solid symbols are data from the P/G 
experiments and the open symbols are data from the 
R/C experiments. 
 
For low Ra values, the correlation suggests that 
evaporation is dominated by diffusion, as expected. As 
Ra increases, the correlation suggests that diffusive 
and convective transport contribute approximately 
equally to the overall evaporation rate. 
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When a drop of liquid first contacts a solid substrate, 
the theoretical initial contact angle is 180° with the 
contact region being a single point. In most practical 
conditions, this is however not the equilibrium situation. 
What typically follows is an expansion of the contact 
zone and a lowering of the contact angle. As the 
contact angle reaches the static one defined by the 
evaporation-induced (for volatile liquids as here) and 
Young’s contributions, the spreading dynamics slows 
down, reaching it only asymptotically. In the volatile 
case, evaporation will eventually lead to a recession of 
the contact line, during which the contact angle 
remains roughly constant. 

The initial expansion stage is known as spreading and 
two major theories have been developed in the past to 
predict the contact line velocity and contact angle 
evolution over time: Hydrodynamic Theory (HT) (e.g. 
[1]) and Molecular-Kinetic Theory (MKT) (e.g. [2]). 
What both theories fundamentally differ upon is how 
the local contact angle is modified when it is in motion, 
i.e. the dependency of contact angle on contact line 
velocity. One of the goals here is to test both models 
on a low viscosity (0.7cSt), low surface tension liquid 
(16.2 mN/m) such as 3MTM NovecTM HFE-7500. 

The experiments consist in gently depositing a drop of 
HFE-7500 on a clean glass wafer and tracking the 
contact line using Mach-Zehnder interferometry. The 
resulting images are analyzed with the algorithms 
detailed in [3, 4]. From these, we extract the drop 
height profiles over time and in particular the contact 
angle and location at all points of the three-phase line. 
From this location, an estimate for the contact line 
velocity is obtained. We need to stress here that both 
measurements are fully local, no global fitting of the 
perimeter with a circle nor of the height profile with a 
parabola was performed. As it was shown in [7], 
Marangoni effects can give rise to appreciable local 
curvatures near the contact line, and hence introduce 
significant errors in contact angle measurements when 
extracted from parabolic fittings. In the present context, 

such large local curvatures are deemed to occur due to 
the presence of a Cox-Voinov zone, with a logarithmic 
increase of the film slope, although the role of the 
Marangoni effect cannot be fully excluded either. Note 
that, due to the methodology employed for the 
interferometric image analysis, the measured contact 
angle is some kind of average over a small region near 
the contact line. The size of this region has not been 
fully quantified yet but is here expected to be of the 
order of some tens of microns. 
 

 

In Figure 1, this measured contact angle is shown 
versus the contact line speed for different experiments, 
together with the fits for both theories. First, we notice 
that for speeds below 0.1mm/s a kind of transition 
behavior between the fast-spreading stage and the 
evaporation stage occurs. In this intermediate stage, 
the drop becomes non-axisymmetric leading to large 
discrepancies in the data. In the present study we 
discard this part and focus on the fast-spreading stage, 
for which we notice that all data collapse nicely and 
can be fitted with both theories equally well, although 

 
Figure 1: Contact angle versus contact line speed for a 
drop of HFE-7500 spreading on a glass substrate 
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HT seems to catch the large speed behavior better. 
Two fits are shown for HT, one with the static angle Θ0 
equal to zero and one where it was fitted to the data 
(for speeds above 0.1mm/s) resulting in Θ0 = 2.5°. For 
MKT, the full formulation was applied and this yielded 
the best results for Θ0 = 3.5°. This suggests that the 
evaporation-induced angle, which is indeed of this 
order ([7]), can be used as a replacement for the 
Young’s one in the present context. This has already 
been shown to be the case for the Gibbs’ criterion for 
pinning in [6]. Nevertheless, as the precision on the 
fitted static angles is quite small due to the large 
speeds in the fitted region, a fit with a zero contact 
angle is well within the uncertainty. 

 

In Figure 2, a close-up of the local slope profile is 
shown versus the distance to the contact line. This 
profile clearly deviates from the classical static profile 
where the maximum angle would be obtained at the 
contact line itself. Here, the maximal angle is clearly 
seen at a distance of more or less 60µm from the 
contact line. This profile is strongly reminiscent of the 
profiles measured by [5], which can perhaps be 
associated to viscous bending of the droplet shape. 
Preliminary fits of these profiles with the HT law: Θ3 = a 
ln(x) + b, yield the full lines in the figure. As can be 
seen, the correspondence is rather satisfactory. To the 
best of our knowledge, the evaporation channel has 
never been combined to MKT to describe droplet 
spreading. In this respect, note that appropriate care 
must be taken when interpreting this kind of 
experiments, especially for liquids with low viscosity. 

In the present contribution, the spreading dynamics of 
HFE-7500 was investigated. Both Molecular Kinetic 
Theory and Hydrodynamic Theory are able to predict 

rather well the contact angle relaxation in a range from 
15° to 4°. Evidence suggests that the evaporation-
induced angle can simply replace the Young’s one in 
the adopted formulation, but this is not conclusive for 
the moment. We also measured the presence of a 
possible viscous bending zone close to the contact 
line, as is theoretically predicted by Hydrodynamic 
Theory. In the future, a more thorough theoretical 
analysis of the measured profile will be performed. 

 
Acknowledgements. The authors gratefully 
acknowledge financial support from the 
EVAPORATION and HEAT TRANSFER projects 
funded by the European Space Agency and by the 
Belgian Science Policy Office PRODEX Programme, 
and from the Interuniversity Attraction Poles 
Programme (IAP 7/38 MicroMAST) initiated by the 
Belgian Science Policy Office. PC thankfully 
acknowledges financial support from the Fonds de la 
Recherche Scientifique - FNRS. This work was also 
performed under the umbrella of COST Action 
MP1106. 
 
References 
 
[1] D. Bonn, J. Eggers, J. Indekeu, J. Meunier, E. 
Rolley. Wetting and spreading. Rev. Mod. Phys. 81 
(2009) 739–805.  
[2] M.J. de Ruijter, J. De Coninck, G. Oshanin. Droplet 
spreading: partial wetting regime revisited. Langmuir 
15 (1999) 2209–2216. 

[3] S. Dehaeck, P. Colinet. Improving speed and 
precision of local frequency analysis using gaussian 
ridge interpolation for wavelet and windowed Fourier 
ridge algorithms. Optics and Lasers in Engineering 77 
(2016) 54–63. 

[4] S. Dehaeck, Y. Tsoumpas, P. Colinet. Analyzing 
closed-fringe images using two-dimensional Fan 
wavelets. Applied Optics 54 (2015) 2939–2952. 

[5] L.H. Tanner. The spreading of silicone oil drops on 
horizontal surfaces. J. Phys. D: Appl. Phys. 12 (1979) 
1473–1484. 

[6] Y. Tsoumpas, S. Dehaeck, M. Galvagno, A. 
Rednikov, H. Ottevaere, U. Thiele, P. Colinet. 
Nonequilibrium Gibbs criterion for completely wetting 
volatile liquids. Langmuir 30 (2014) 11847–11852. 

[7] Y. Tsoumpas, S. Dehaeck, A. Rednikov, P. Colinet. 
Effect of Marangoni flows on the shape of thin sessile 
droplets evaporating into air. Langmuir 31 (2015) 
13334–13340. 

Figure 2: Local angle versus distance to the contact 
line at different times after deposition. 



3rd International Conference on Droplets  
University of California Los Angeles, USA, July 24th to 26th, 2017 

 
DROPLETS OF MOLEN STEEL VS CORE MELT DROPLETS: 

AN ESTIMATE OF THEIR CONTRIBUTION TO STEAM EXPLOSION 
TRIGGERING IN NUCLEAR REACTORS 

Leonid A. Dombrovsky 

 
Joint Institute for High Temperatures, NCHMT, Krasnokazarmennaya 17 A, 111116 Moscow, Russia 

E-mail: ldombr@yandex.ru  
 
 
 

Relative contributions of molten steel and core melt 
droplets to heat transfer from the droplets to ambient 
water at typical regimes of the droplet cooling and 
solidification are considered on the basis of transient 
heat transfer models for single droplets. 
 
It is shown for the first time that fine fragmentation of 
steel droplets overheated significantly with respect to 
the steel solidification temperature makes these 
droplets more dangerous for the steam explosion 
triggering, and this effect cannot be neglected in 
nuclear safety analysis. 
 
On the contrary, the solid crust on the surface of core 
melt droplets is formed before the first pressure drop in 
the steam envelope. As a result, the probability of 
fragmentation of these droplets is relatively small and 
there is no increase in the overall heat transfer due to 
the expected large total surface area of fine particles. 
[1-4]. 
 
The predicted behavior of uranium dioxide droplets is 
confirmed by the published data of laboratory 
experiments [5, 6]. It is interesting that experiments 
with alumina droplets indicate possible explosion 
because of predominant solidification of the central part 
of these droplets. This unusual behavior of 
semi-transparent droplets is explained by the optical 
effect of total internal reflection of thermal radiation at 
the droplet surface [7, 8]. This phenomenon is not 
observed for opaque core melt droplets. 
 
In the safety analysis of nuclear reactors, it is 
recommended to revise the existing theoretical and 
computational models of steam explosion, paying more 
attention to the role of fine fragmentation of steel 
droplets. 
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Drying droplets have become very 
important for the production of various 
evaporation induced nanostructures. 
Cetyltrimethylammonium bromide 
(CTAB) is known to play a vital role for 
building nanostructures using evaporation 
driven self assembly of nanomaterials 
formed in CTAB matrix [1]. We monitor 
the pattern formation from the drying 
droplet formed by CTAB-water system 
(Fig (a)). CTAB in water form a variety of 
liquid crystalline phases starting from 
spherical micelles at low concentration to a 
lamellar phase at high concentration [2]. 
The structure of these liquid crystalline 
phases can be tuned by the addition of salts, 
such as NaBr. Characteristics of liquid 
crystalline phases can easily be inferred 
using a polarizing optical microscope 
(POM).  In this work we prepare an 
aqueous solution of CTAB in the presence 
of NaBr salt. Pattern formation in drying 
droplets on CTAB solution deposited on a 
glass substrate is studied using polarizing 
microscopy. When water evaporates from 
the droplets, ring like pattern appears as 
seen in Fig. (b) And at the final stage of 
drying dendritic aggregates are observed. 
We analyze the POM images obtained 
from the drying droplet using a Jones 
Matrix calculation. Interestingly, simulated 
image matches very well with that obtained 
from POM. 
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Fig(a) Drying droplet of CTAB+ Water(b) Drying droplet of 
CTAB+Water+NaBr 
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Liquid propagation on structured surface has received 
broad interest due to the rich interfacial phenomena as 
well as wide applications in coating, cooling processes, 
dewetting, and self-cleaning. It is a broad consensus 
that the liquid droplet spreading on a smooth substrate 
obeys power-law time relation [1-3].  
 
For a non-volatile liquid droplet spreading at 
macroscopic scales, the correlation between the 
dynamical contact angle θt and capillary number Ca = 
μVCL/γ was experimentally studied by Hoffman in a 
capillary, where μ is the viscosity of the liquid, VCL is the 
velocity of the macroscopic contact line (M-CL), and γ 
is the surface tension [4]. Moreover, the spreading 
behavior of a droplet on a substrate with ultra-fine 
structures has also been presented. It has been 
reported that the obstacles within the solid surface can 
obviously pin the movement of the M-CL the initial 
stages of the spreading [5]. In another hand, a 
structured surface can enhance the droplet spreading 
[3, 6, 7]. In particularly, a uni-directional liquid 
propagation will be reduced by an asymmetric 
micro-structural surface [8-10]. However, there is few 
study which focused on the droplet spreading behavior 
induced by the interaction with a single micro obstacle 
on the substrate during the liquid propagation. 
 
Here, the aim of this experimental study is to 
investigate the acceleration of the M-CL of a droplet 
spreading on a smooth substrate induced by interaction 
with a single particle. 
 
In order to observe the motion of droplet spreading on 
the substrate, the interferometry was employed which 
was consisted of the laser (wavelength: 532 nm), 
spatial filter, collimator, polarizer, and a high-speed 
camera (Photron, Fastcam-Mini; resolution: 1028×728 
pixels; frame rate: 250 frames per second) and an 
objective lens with 500× magnification. The test fluid is 
silicone oil with the kinematic viscosity of 2cSt, which 
volume Ω = 2.4 ± 0.5 μL. The perpendicular distance 
between the needle and the substrate was kept at 1.5 

mm, and the horizontal distance between the needle tip 
and the particle was varied from 3.5 to 5.0 mm. Under 
these situation, Ca was smaller than 10-5, and the 
particles are almost static. The process of cleaning the 
substrate was finished in a plasma cleaner (Harrick, 
PDC-32G) for 10 min.  
 

Table 1 physical properties of particles used in this study. 

 Geometry Material 
Size 

[μm] 

Intrinsic 
contact 
angle 

Regular 
shaped 
particle 

Sphere 
Gold nickel alloy 

coated acrylic 
particles 

30, 40, 
50 

26 ± 5° 

Cylinder SU-8 permanent 
epoxy negative 

photoresist 

50± 5 19 ± 5° 

Triangle 
prism 

50± 5 19 ± 5° 

Irregular 
shaped 
particle 

Irregular Teflon 40± 10 40 ± 5° 

 

 
Figure 1 Explosive acceleration of macroscopic contact line of droplet 

via interaction with small particles scattered on a substrate 

 
The spherical particle, cylinder particle, triangle prism, 
and irregular shaped particle were used in our 
experiments, which physical properties were shown in 
table 1. A typical example of interaction between the 
liquid and particles was illustrated in Figure1. 
 
We found that: 1) At early stage of the droplet 
spreading, a droplet spreading on a smooth substrate 
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obeying power law time dependence between the 
spreading radius and time with an inclination 1/10 
which was described with Tanner’s law, and then the 
inclination will changed into 1/8 prior to the interaction 
of the particle, which was reported by Lopez [2] and 
Cazabat and Stuart [3]. 2) When the M-CL makes 
contact with a single particle settled on the substrate, 
the movement of the M-CL near the particle is pinned. 
And then the M-CL is accelerated obviously. 3) After the 
interaction with particles, the M-CL's velocity is 
accelerated during a short time to attain the maximum 
Vmax. In addition, the ratios of Vmax to V0 are around 10 ± 
20%, where, velocity V0, prior to the interaction of 
different particles. 
 
In summary, for the silicone oil with the kinematic 
viscosity of 2cSt, we determined that the velocity of 
M-CL will be accelerated obviously by the interaction of 
the micro particle and the liquid. In one hand, for the 
fixed particles, the maximum of the velocity of M-CL 
was achieved is almost 10 times larger than the velocity 
prior to the interaction. In another hand, for the 
hydrophilic particles, the acceleration of M-CL was 
induced by regular cross-sectional particles and an 
irregular cross-sectional particles. This study provides 
new knowledge about the acceleration of the M-CL 
velocity of a droplet spreading on a smooth substrate 
induced by interaction with the particle and proposes a 
system to control the movement of the M-CL and 
droplet transportation using simple geometry without 
any energy input. 
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Introduction 
The phenomenon of drop impacting porous media is 
ubiquitous in nature and is associated with 
mechanisms found in various industrial applications. 
When a liquid droplet impacts a permeable surface, it 
spreads on the surface and is absorbed into the porous 
material due to capillary action. The spreading behavior 
of the impinging droplet on the surface is known to 
depend on the properties of the liquid, i.e. density, 
viscosity and surface tension, impact conditions such 
as drop size and impact velocity, and the surface 
wettability and roughness [1]. Also, absorption is 
governed both by the properties of the liquid and of the 
porous medium, i.e. porosity, pore size, wettability [2]. 
Once the deposited droplet is completely depleted from 
the surface, the liquid further redistributes within the 
porous medium due to capillary forces, while 
evaporation occurs at the surface [3]. In case of 
saturation of the porous medium, the remaining water 
lies at the surface in a pool, and, in the event of further 
impacts, a water film can build up. For a better 
understanding of the absorption process inside porous 
media, observing directly the liquid content 
redistribution in the porous medium is required. 
Absorption in porous media has been studied with 
several non-destructive techniques, namely X-ray, 
neutron and gamma-ray radiography, magnetic 
resonance imaging (MRI) and nuclear magnetic 
resonance, and destructive techniques. 
 
In this study, we aim to capture the full absorption and 
film forming process of trains of impinging droplets on 
natural porous stones by using neutrons. Neutron 
radiography allows visualizing the moisture content 
distribution in porous stones. In track, we measure the 
mass of deposited water to validate the neutron 
measurements. The deposition and absorption process 
of trains of impinging droplets is continuously charact- 
erized during deposition, absorption, evaporation and 
redistribution, in terms of total mass in/above the stone 
and moisture distribution, in a time-resolved manner. 
 
Methodology 
Samples 
Three stones with varying porosity and uptake 
characteristics are selected: two sandstones (Meule 
Bentheimer and one limestone (Savonnières), Figure 1. 
The porous stones are cut in cubes of 20 x 20 x 10 mm3 
for characterization and drop impact tests. 
 

 
Figure 1. Photos of Bentheimer (left), Meule (center) and 
Savonnières samples. 
 
Droplet generation 
Water droplets are generated at the flat tip of a needle 
by pushing a syringe pump. The droplets have an initial 
diameter of 2 mm, reproducible with a relative error of 
10%. When the droplet is released, it accelerates by 
gravity reaching an impact velocity of 0.5 m/s,1.0 m/s 
and 3.0 m/s, at rate of 4, 8 or 16 drops per minute. 
 
Neutron radiography 
The absorption process into the porous stone is 
captured by neutron radiography. Neutrons are 
attenuated by the hydrogen of water, but penetrate the 
porous stone. The experiment for the absorption of 
drop impact is performed at the NEUtron Transmission 
RAdiography (NEUTRA) beamline of the Paul Scherrer 
Institut, Villigen, Switzerland. The NEUTRA beamline is 
operated with neutrons within a thermal spectrum [4]. 
The necessary exposure time for each image is 3 
seconds and the nominal spatial resolution of the 
neutron radiography is 47.2 µm/pixel. Figure 2 shows a 
schematic overview of the neutron beamline and the 
experimental setup for drop impact. 
 

 
Figure 2. Schematic of NEUTRA beamline configuration 
 
Using Beer-Lambert law, the variation of attenuation of 
the neutron beam yields the moisture content, further 
details on image analysis and post-processing can be 
found in [4]. Figure 3 shows the comparison between 
mass obtained from neutron images and deposition. 
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Figure 3. Validation by comparing total mass (mg) versus 
time comparing the total mass from neutron imaging (thick 
red) with actual water mass deposited (thin black). Total mass 
of water resting on the stone in blue, in the stone in dark blue. 
 
Results 
We present here only the results for Savonnières but 
results of all 3 stones are presented at the conference. 
In general, the uptake is faster for Savonnières with 
more water in the stone and less on the surface. Meule 
and Bentheimer undergo less moisture uptake in the 
same time and hence the surface water pool develops 
faster.  
 
     Vi= 0.5 m/s      Vi= 1 m/s         Vi= 3 m/s 

 
Figure 4. Moisture content (in thickness [mm] per pixel) for 
train of water droplets on Savonnières at the rate of 4 drops 
per minute for three impact velocities from top to bottom after 
3, 33, 93 and 180 seconds. 
 
  F= 4 drops/s        F= 8 drops/s       F= 16 drops/s      

 
Figure 5. Vertical moisture content profiles for train of water 
droplets on Savonnières at the rate of 4, 8 and 16 drops per 
minute for three impact velocities from top to bottom of 0.5, 1 
and 3 m/s. Pink line represents the stone surface. 
 
In Figure 4, moisture content distribution is given after 
deposition of 1, 3, 7 and 13 droplets for three impact 
velocities. With time, water is transported in the stone 
further and further from the point of impact. In time 
water distribution has an elliptical shape that is quite 

independent from the impact velocities.  
 
Figures 5 and 6 provide moisture content profiles 
versus time above and below the stone surface. Faster 
droplet rate leads to the development of water 
accumulation and thus water pool and film on the 
surface. 
 
      F= 4 drops/s     F= 8 drops/s     F= 16 drops/s      

 
Figure 6. Horizontal moisture content profiles above and 
below the contact line for train of water droplets on 
Savonnières at the rate of 4, 8 and 16 drops per minute for 
three impact velocities from top to bottom of 0.5, 1 and 3 m/s. 
 
Conclusion 
This paper presents an experimental investigation of 
absorption and film forming during trains of liquid 
droplets impacting porous stones. Neutron radiography 
is used to quantify moisture absorption in three natural 
stones of varying porosity and moisture uptake 
characteristics. Film forming is found to be dependent 
on both transport properties and saturation degree of 
the stones. Moisture distribution within the porous 
stones, which are here all rather isotropic, is found to 
be dependent on impact velocity, and thus maximum 
spreading, for the first droplets of the train. Afterwards, 
the pooling of water yields similar moisture distribution. 
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Introduction 
The phenomenon of drop impacting porous media is 
ubiquitous in nature and is associated with 
mechanisms found in various industrial applications. 
When a liquid droplet impacts a permeable surface, it 
spreads on the surface and is absorbed into the porous 
material due to capillary action. The spreading behavior 
of the impinging droplet on the surface is known to 
depend on the properties of the liquid, i.e. density, 
viscosity and surface tension, impact conditions such 
as drop size and impact velocity, and the surface 
wettability and roughness [1]. Also, absorption is 
governed both by the properties of the liquid and of the 
porous medium, i.e. porosity, pore size, wettability [2]. 
Once the deposited droplet is completely depleted from 
the surface, the liquid further redistributes within the 
porous medium due to capillary forces, while 
evaporation occurs at the surface [3]. In case of 
saturation of the porous medium, the remaining water 
lies at the surface in a pool, and, in the event of further 
impacts, a water film can build up. For a better 
understanding of the absorption process inside porous 
media, observing directly the liquid content 
redistribution in the porous medium is required. 
Absorption in porous media has been studied with 
several non-destructive techniques, namely X-ray, 
neutron and gamma-ray radiography, magnetic 
resonance imaging (MRI) and nuclear magnetic 
resonance, and destructive techniques. 
 
In this study, we aim to capture the full absorption and 
film forming process of trains of impinging droplets on 
natural porous stones by using neutrons. Neutron 
radiography allows visualizing the moisture content 
distribution in porous stones. In track, we measure the 
mass of deposited water to validate the neutron 
measurements. The deposition and absorption process 
of trains of impinging droplets is continuously charact- 
erized during deposition, absorption, evaporation and 
redistribution, in terms of total mass in/above the stone 
and moisture distribution, in a time-resolved manner. 
 
Methodology 
Samples 
Three stones with varying porosity and uptake 
characteristics are selected: two sandstones (Meule 
Bentheimer and one limestone (Savonnières), Figure 1. 
The porous stones are cut in cubes of 20 x 20 x 10 mm3 
for characterization and drop impact tests. 
 

 
Figure 1. Photos of Bentheimer (left), Meule (center) and 
Savonnières samples. 
 
Droplet generation 
Water droplets are generated at the flat tip of a needle 
by pushing a syringe pump. The droplets have an initial 
diameter of 2 mm, reproducible with a relative error of 
10%. When the droplet is released, it accelerates by 
gravity reaching an impact velocity of 0.5 m/s,1.0 m/s 
and 3.0 m/s, at rate of 4, 8 or 16 drops per minute. 
 
Neutron radiography 
The absorption process into the porous stone is 
captured by neutron radiography. Neutrons are 
attenuated by the hydrogen of water, but penetrate the 
porous stone. The experiment for the absorption of 
drop impact is performed at the NEUtron Transmission 
RAdiography (NEUTRA) beamline of the Paul Scherrer 
Institut, Villigen, Switzerland. The NEUTRA beamline is 
operated with neutrons within a thermal spectrum [4]. 
The necessary exposure time for each image is 3 
seconds and the nominal spatial resolution of the 
neutron radiography is 47.2 μm/pixel. Figure 2 shows a 
schematic overview of the neutron beamline and the 
experimental setup for drop impact. 
 

 
Figure 2. Schematic of NEUTRA beamline configuration 
 
Using Beer-Lambert law, the variation of attenuation of 
the neutron beam yields the moisture content, further 
details on image analysis and post-processing can be 
found in [4]. Figure 3 shows the comparison between 
mass obtained from neutron images and deposition. 
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Figure 3. Validation by comparing total mass (mg) versus time 
comparing the total mass from neutron imaging (thick red) 
with actual water mass deposited (thin black). Total mass of 
water resting on the stone in blue, in the stone in dark blue. 
 
Results 
We present here only the results for Savonnières but 
results of all 3 stones are presented at the conference. 
In general, the uptake is faster for Savonnières with 
more water in the stone and less on the surface. Meule 
and Bentheimer undergo less moisture uptake in the 
same time and hence the surface water pool develops 
faster.  
 
     Vi= 0.5 m/s      Vi= 1 m/s         Vi= 3 m/s 

 
Figure 4. Moisture content (in thickness [mm] per pixel) for 
train of water droplets on Savonnières at the rate of 4 drops 
per minute for three impact velocities from top to bottom after 
3, 33, 93 and 180 seconds. 
 
  F= 4 drops/s        F= 8 drops/s       F= 16 drops/s      

 
Figure 5. Vertical moisture content profiles for train of water 
droplets on Savonnières at the rate of 4, 8 and 16 drops per 
minute for three impact velocities from top to bottom of 0.5, 1 
and 3 m/s. Pink line represents the stone surface. 
 
In Figure 4, moisture content distribution is given after 
deposition of 1, 3, 7 and 13 droplets for three impact 
velocities. With time, water is transported in the stone 
further and further from the point of impact. In time 
water distribution has an elliptical shape that is quite 

independent from the impact velocities.  
 
Figures 5 and 6 provide moisture content profiles 
versus time above and below the stone surface. Faster 
droplet rate leads to the development of water 
accumulation and thus water pool and film on the 
surface. 
 
      F= 4 drops/s     F= 8 drops/s     F= 16 drops/s      

 
Figure 6. Horizontal moisture content profiles above and 
below the contact line for train of water droplets on 
Savonnières at the rate of 4, 8 and 16 drops per minute for 
three impact velocities from top to bottom of 0.5, 1 and 3 m/s. 
 
Conclusion 
This paper presents an experimental investigation of 
absorption and film forming during trains of liquid 
droplets impacting porous stones. Neutron radiography 
is used to quantify moisture absorption in three natural 
stones of varying porosity and moisture uptake 
characteristics. Film forming is found to be dependent 
on both transport properties and saturation degree of 
the stones. Moisture distribution within the porous 
stones, which are here all rather isotropic, is found to 
be dependent on impact velocity, and thus maximum 
spreading, for the first droplets of the train. Afterwards, 
the pooling of water yields similar moisture distribution. 
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The impact of a drop on a solid surface is important in many 
manufacturing processes.  Often it is undesirable to have 
bubbles entrapped under the impacting drop, for example 
during inkjet fabrication of electronic displays.  It is therefore 
of interest to understand the dynamics and size of the 
resulting bubble sitting at the solid-liquid interface. 
 
We use ultra-high-speed interferometry at up to 5 million fps 
to measure the air-layer profile under an impacting drop.  
Our focus is on the effect of increasing the drop viscosity on 
the air-layer dynamics.  Earlier theoretical and experimental 
studies have primarily focused on low-viscosity drops, such 
as water, where only the viscosity of the air is important by 
providing a lubrication pressure to counteract the inertia of the 
liquid at the bottom of the drop [1-4].  This lubrication 
pressure in the air produces a dimple in the bottom of the 
drop, making the first contact of the drop, with the solid 
substrate, occur around a ring, which entraps the air-disc.   
 
Figure 1 shows the typical optical setup, used in our 
interferometry experiments.  The impact is on a microscope 
slide and is viewed from the bottom glass surface.   We use 
the Kirana camera, which can take 180 frames at 200 ns 
inter-frame time.  Each frame is illuminated with a separate 
red laser diode, with wavelength of 640 nm.  The difference 
in air-layer thickness, between a dark and a bright fringe, is 
therefore 160 nm.  It has been found that the shape of the 
drop influences the size of the air-disc and as our drops are 
larger than the capillary length, it is important to measure the 
bottom radius of curvature of the drop as it approaches the 
solid.  We employ a second high-speed video camera 
(Phantom v710) to view the impact from the side, which 
allows us to measure this bottom radius for every impact.  
 
In many of the experiments we have an unambiguous 
reference thickness, where the drop liquid touches the plate. 
In this case we can use the monochromatic red light and the 
B/W Kirana camera.  However, for highly viscous drops the 
thickness where the first contacts occur is unclear, as is 
shown in the inset of the bottom panel of Figure 1. Therefore, 
we needed an independent measurement of the absolute 
thickness of the air film for some cases.  This was 
accomplished by using two-color interferometry.  A blue LED 
(peak wavelength 460 nm) in addition to the red laser 
provided illumination and a Phantom v710 color camera was 
used at 30 kfps to make these measurements.  The red and 
blue channels can be considered as independent 
measurements of the air layer and comparing the air layer 
profile from each channel yields the absolute thickness of the 
film.  The two profiles differ by less than 10 nm.  Once the 
thickness where the film ruptures is identified.  The 
monochromatic interferometry can be used at higher frame 
rates than allowed by the color setup to observe the formation 
of the central dimple. 

 

 
 
 

 
 
FIGURE 1.  Top: Experimental setup for the high-speed 
interferometry.  Bottom: The air-layer profile under the center 
of an impacting drop.  Image taken with two-color 
illumination.  Modified from [5]. 
 
Figure 2 shows the air-layer profile for drops impacting at    
V ~ 1 m/s for a range of viscosities from 10 cSt up to 1 million 
cSt.  The viscosity of the drop affects the air disc in 
non-trivial ways.  For a given velocity, the centerline height 
of the air-layer when the droplet makes contact decreases 
with increasing velocity.  As the viscosity is increased, the 
radial extent of the air disc first increases and then 
decreases.  These effects deviate from theory [3-4] and thus 
new scaling laws are required to predict the air disc size. 
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FIGURE 2.  Air-layer profiles of silicone oil drops with an 
impact velocity of ~1 m/s for viscosities ranging from 10 cSt to 
1 million cSt. The area under the curve is air and the drop is 
above the curve.  Modified from [5]. 
 
After the initial formation of the central dimple in the bottom of 
the droplet, the viscosity of the droplet freezes the shape of 
the dimple and the drop spreads on an extended thin air 
layer. This gliding is fundamentally different than the film 
skating predicted by [3] for low viscosity drops, which is 
stabilized by surface tension versus viscosity.   
 
As the drop glides on the air-layer, ruptures occur in random 
locations allowing the droplet to wet the substrate. Figure 3 
shows an example of a 10,000 cSt drop impacting at 2.3 m/s.  
The central dimple is seen with closely spaced fringes.  The 
air-film has extended to a radius of 590 μm at a thickness of 
160 nm or less.  There are numerous locations within the air 
film where the drop has contacted the substrate (seen as dark 
spots in the image). 
 
The rate at which the localized contacts wet the substrate 
was measured.  Surprisingly, the initial rates of wetting 
across all of the viscosities used were between 0.25 and 0.60 
m/s.  This extreme wetting behavior is several orders of 
magnitude faster than expected from current theories [6] for 
the highest viscosities.  This initial wetting behavior seems to 
be independent of viscosity and thus we look to other possible 
causes such as rarified gas effects, van der Waals forces or 
the liquid draping onto the surface. 
 
Detailed results, comparisons with the literature and further 
insights will be presented. 
 
 
 
 
 
 
 
 
 
 
 

 

  
 

FIGURE 3.  Interferometric view of a 10,000 cSt drop 
impacting at 2.8 m/s.  The central dimple has closely spaced 
fringes while there is an extended very thin air-layer 
surrounding the dimple.  The radius of the film is 590 μm and 
the bottom radius of the drop was 1.3 mm.  Numerous 
ruptures of the air layer (dark spots) are seen throughout the 
film.  Modified from [5]. 
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Evaporating salty droplets are ubiquitous in nature, in 
our home and in the laboratory. However, the transport 
processes in such apparently simple systems differ 
strongly from ``sweet'' evaporating water droplets since 
the liquid flows completely in the inverse direction due 
to Marangoni stress at the surface. Such an effect has 
crucial consequences to the salt crystallization process 
and to the evaporation process itself. In this work we 
show unprecedented measurements that, not only 
confirm clearly the details of the inverted flow patterns, 
but also permit us to calculate the surface tension 
gradients responsible for the reversal. Contrary to what 
has been often reported in the literature, such a 
reversal does not prevent the coffee-stain effect, but 
particles accumulate and get trapped at the liquid-air 
interface driven by the surface flow. We therefore 
demonstrate that the accumulation of particles at the 
contact line in coffee-stains is not related with the 
direction of the flow. 
Evaporating sessile droplets have been intensively 
studied in recent years, especially after the seminal 
work of Deegan et al.[1] In most practical applications, 
the droplet does not only contain a pure solvent and 
solid particles, but it could contain many other 
components. If such components are surface-active, 
the transport processes inside the droplet can be 
drastically affected. That is the case of bi-component 
droplets [2–4] or surfactant solutions [5, 6].  
 

The effect of non-volatile soluble solutes like salt is 
paramount since most solutions of biological interest 
include different salts to match the ion concentration 
and pH of those in the human body. Salty droplets are 
also of particularly high interest for the pharmaceutical 

industry, where the formation of crystals with controlled 
properties is crucial. Salt solutions in contact with 
metallic surfaces provoque corrosion, and although 
ubiquitous, its mechanism is still poorly understood [8]. 
Interestingly, when the liquid partially wets the 
substrate, crystallization and growth of the deposit 
patterns typically nucleate at the contact line [10]. The 
internal flow is also known to affect the solute 
distribution, as recently reported by Soulie et al. [8], 
who also identified that the peripheral salt enrichment 
could lead to Marangoni flows inside the droplet. The 
existence of a different flow profile inside an 
evaporating droplet brings immediately the question: 
Will the stain left behind still show a ring shape?  
 
In this paper we show experimental and numerical 
evidence of the existence of solute-induced Marangoni 
flows in evaporating salt solution droplets and 
demonstrate the existence of a new type of ring-
shaped stain driven by Marangoni flow and not by a 
bulk-driven capillary flow as shown by Deegan et al. 
[1]. To show this unambiguously we first measure the 

Figure 1. Experimental particle trajectories and velocity 
components clearly revealing the inverted convective 
circulation inside a water droplet containing 100 mM 
NaCl. 

Figure 2. Confocal microscopy images of 1-µm-diameter 
polystyrene colloids aggregating at the droplet’s contact 
line in the last stages of an evaporating water droplet 
containing  5 mM NaCl. Note the particles being 
aggregated along the droplets interface  
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full three-dimensional flow inside the evaporating salty 
droplet using 3D particle tracking velocimetry [7] 
(Figure 1), secondly we use confocal imaging to 
quantify the growth of the particle deposits for different 
salt concentrations (Figure 2). Finally, we compare the 
experimental results with numerical simulations that 
capture the solvent evaporation, the evaporation-
induced liquid flow and the quasi-equilibrium liquid-gas 
interface (Figure 3).  
 
In conclusion, we will show experimentally and 
numerically that a solutal Marangoni flow is 
responsable for the ring-shaped stain in evaporating 
droplets containing solutes with “anti-surfactant” effect 
[11]. This is not only the case of sodium chloride, but 
similar results have been observed for sodium iodide. 
The same flow inversion has been observed in 
evaporating Ouzo droplets [12], in which the 
enrichment of water provoques a positive surface 
tension gradient towards the contact line and therefore 

the inverted flow profile. This effect must have a crucial 
role in the formation of salt crystals, and probably also 
in their eventual migration towards the center of the 
droplet [10].  
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Figure 3. Numerical simulations showing (top) the salt 
concentration in arbitrary units as a distance from the 
contact line and (bottom) the streamlines generated by 
the solutal Marangoni effect. Confirming the trend 
observed in the experiments.  
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Multiple emulsions are complex multiphase structures 
that are of significant interest in pharmazeutical, food, 
and cosmetic industry. They allow the encapsulation of 
active molecules in the internal dispersed phase. This 
gives potential applications as drug carrier systems, or 
the masking of flavours and encapsulation of vitamins 
in food industry. Also, the protection of sensitive media 
is of high intrest. In contrast to a conventional 
two-component emulsion like water in oil (WO) or oil in 
water (OW), the multiple emulsion system consists of 
bothe OW and WO emulsions simultaneously. Thus, a 
potential sensitive medium is protected by an additional 
layer, drugs are encapsulated and the release can be 
controlled. The disadvantage is that this type of 
emulsion is highly unstabe as it consists of two 
thermodynamically unstable interfaces. Multiple 
emulsions are sensitive to shear stress which can lead 
to ruption and thus the release of its content. 
 
Conventional emulsification processes for multiple 
emulsions are a high shear method for the internal 
emulsion as high energy is required to generate small 
droplets. Classic emulsification methods as colloid 
mills, high pressure homogenization or ultra sound can 
be used.  
For the outer emulsion low stress is required as shear 
forces cause internal streaming in the droplets. Thus 
the collision frequency is increased which results in 
higher coalescence rates. Also the droplets are 
elongated which increases the interface available for 
encapsulated droplets to escape [1]. Classical methods 
used are stirring at low rpm and membranes. 
 
The use of membranes allows a shear sensitive 
method to produce multiple emulsions. Especially for 
the outer emulsion this process allows the production of 
high qualitiy emulsions as narrow drop size 
distributions and high encapsulation efficiencies can be 
achieved This is of interest for various applications 
using shear sensitive media like bacteria. 
Additional advantages is the low energy cost compared 
to conventional emulsification methods and the ability 
to use shear sensitive media if required. 
 
For most applications of multiple emulsions a controlled 
release is required. Especially for pharmazeutical 
purposes it is essential that drugs are not released 
before arriving at the destined area. Therefore the 
study of multiple emulsion stability is of great 
importance.  
Schuch et al. [2] investigate the effect of inner 
dispersed phase concentration on the multiple 
emulsion breakup. They visually show the drop 
deformation and found that shearing has no influence 

on inner drop collisions. The deformation and relaxation 
time of droplets was not influenced by the internal 
emulsion’s dispersed phase concentration.   
Our assumption is that the internal emulsion stability 
influences the encapsulation efficiency of the double 
emulsion. Therefore WO emulsions with different 
surfactants and surfactant concentrations are created. 
Lower surfactant concentrations make coalescence 
phenomena more likely. Also, the surfactant 
concentration between the water-oil interface of the 
inner emulsion has an influence on the oil-water 
interface of the outer emulsion. The surfactant 
concentration of the outer emulsion remains constant. 
Thus, only effects appearing due to concentration 
changes in the inner emulsion are included in the 
analysis. With PGPR and Span 80 two different WO 
surfactants are used to see if the surfactant type has an 
additional effect on the emulsion stability. 
 
For our experiments we used Tween 80 (Sigma 
Aldrich) as OW surfactant, and Span 80 (Sigma 
Aldrich) and PGPR (aliacura) to stabilize the internal 
WO emulsion. The oil phase was middle chain 
triglyceride (MCT) (Endima) and the watery phase 
bi-destilled water. 0.5 m% NaCl (Sigma Aldrich) was 
added as a marker to the internal water phase to 
determine the encapsulation efficiency.  
The ratio of oil to water was 2:1 for the WO emulsion 
and 2:1 water to WO emulsion for the double emulsion. 
The surfactant concentration was varied from 1 .. 10 
m% of the continuous oil phase.  
Double emulsions were prepared by membrane 
emulsification and were compared to emulsions 
created via ultra-turrax and stirring. The membranes 
used were obtained by ROBU and had a porosity of P3, 
P4 and P5. The functionalization to create the WO 
emulsion was done as described by Kroll et al. [3] using 
a 0.1 M HDTMS (Sigma Aldrich) solution. 
 
Viscosity and drop size distribution of the WO emulsion 
are measured before performing the second 
emulsification step. 
 
After the second emulsification step shear stress is 
applied to the multiple emulsion. The emulsion is 
sheared in a range from 1 .. 1500 s-1 using a double 
gap with samples taken at defined intervalls.The gap 
size is 100 µm. To analyse drop rupture, the drop size 
distribution is measured. pH and conductivity 
measurements show if release of the internal phase 
occurs.  
 
Results show that the drop size distribution is affected 
by the shear stress applied. Low shear rates have 
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almost no influence on the drop size. Shear rates of 
200 s-1 or higher show a decrease in the big drop sizes. 
 

 
Figure 1 Multiple emulsions after being stressed by 
different shear rates 
 
 Figure 1 shows images of multiple emulsion drops 
after being sheard at different rates. At first a 
polydisperse emulsion can be seen, with the 
encapsulated drops. After shearing the drop size 
decreases rapidly. When anlyzing the drop size using 
diffraction spectrometry, it can be observed the mean 
drop size is decreasing slightly until 500 s-1 before the 
d50 shifts significantly to bigger drop sizes (Figure 
2).The main driving force for this shift is coalescence. 
Due to the shearing the droplets are streteched and 
their surface is enlarged. The surfactant concentration 
is lower on this new generated surface. Coalescence 
can occur in these parts, which can be seen in the drop 
size distribution, which gets significantly broader. With 
less surfactant in the system, coalescence becomes 
more likly. Thus the effect is higher for lower surfactant 
concentration. 

 
 
Figure 2 Mean drop size of multiple emulsions after 
shearing 
 
This is in contrast to the microscopy images showing a 
basically broken emulsion even at low shear rates of 
100 s-1. The reason for the high d50 is due to the ratio of 
the few large drops compared to the broken smaller 
ones. The drop size distribution gets broader with the 

shear rate. The broken emulsion can also be seen in 
the encapsulation efficiencywhich is affected strongly 
by the shear stress. 

 
 
 
 
Figure 3 shows that the encapsulation efficiency 
decreases strong at rates > 100 s-1. This corresponds 
with the microscopy images in Figure 1. The increase in 
surface area with lower surfactant load gives more 
ways for drop release. The internal phase is thus able 
to escape faster 
In conculsion we can show that the stability of the 
internal phase has an influence on the overall multiple  
emulsion. A high quality internal phase makes the outer 
phase more resilent to shear stress. Thus the 
encapsulation efficiency stays higher even at increased 
shear rates. 
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Figure 3 The encapsulation efficiency decreases faster 
with lower surfactant concentration 
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A wide range of possible temperatures of levitating 
water droplets is expected to be interesting for the 
upcoming laboratory studies of biochemical processes 
in the droplets. The previously obtained temperature of 
droplets levitating above the locally heated water of 
room temperature appeared to be too high for some 
biochemical experiments [1-5]. 
 
It was not obvious that one can generate much colder 
droplets. Fortunately, this problem is solved 
experimentally in the present study with the use of a 
strong cooling of both water layer and ambient air. 
 
The modified laboratory installation which include a 
separate volume of cooled air just above the central 
part of cold water layer is designed for the first time to 
work at quite different temperature conditions. 
 
It is shown that even moderate local heating of water 
surface is the most important factor to produce 
sufficiently large self-assembled levitating clusters of 
water droplets which are similar to those observed at 
normal temperature conditions. 
 
The effect of ambient temperature on both the 
formation and the parameters of droplet clusters is 
studied in some details. 
 
The paper is illustrated by close-up photographs and 
video. 
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Phase change heat transfer has been a topic of 
significant scientific and technological interest as it can 
serve as an efficient cooling method for high heat flux 
applications. The key advantage in two-phase systems 
is the utilization of latent heat during phase change [1]. 
In particular, heat transfer during boiling regimes is 
considered as one of the most promising approaches to 
address thermal issues in various applications. To 
pursuit of the efficient boiling, various types of porous 
materials have been suggested [2] [3]. Fundamental 
challenges for effective boiling heat transfer are to 
increase potential cavities to facilitate efficient bubble 
nucleation and departure and to provide effective liquid 
and vapor paths. These challenges can be addressed 
by integrating bi-level porous materials. Therefore, it is 
imperative (1) to create new class of bi-level porous 
materials and (2) to better understand how the complex 
geometry of bi-level porous materials can affect the 
boiling physics. In order to minimize the complexity of 
the physical phenomena due to the complex geometry 
of porous materials, it is the key feature to precisely 
control the detailed pore morphology [4]. Bi-level 
porous structures with well-defined pore morphology 
will help to systematically understand the role of 
hierarchical porosity with a desired efficiency of phase 
change heat transfer. 

 
In this study, we demonstrate the hierarchically porous 
constructs using self-assembled soft materials called 
bicontinuous interfacially jammed emulsion gels 
(bijels). This fabrication method enables to create a 
unique array of hierarchically porous metallic structures 
in which uniform and continuous pores on two 
independently tunable length scales [5]. Therefore, 
such hierarchically porous structures can 
simultaneously provide (1) a continuous path of 
microchannels for fluid transport with minimal flow 
resistance (1st order pores), (2) the required 
nanoporosity to help preserve the trapped vapor during 
subcooling to assist the bubble nucleation with a high 
frequency (2st order pores), and (3) sufficient specific 
surface area for thermal transports between solid and 
liquid phases.  
 
For the first step of the fabrication, an initial formation of 
bijel starts with interpenetrating domains of two 
dissimilar fluids such as water and 2,6-lutidine system. 

Bijels form through arrested spinodal decomposition at 
the critical mixing point of two solutions. In this process, 
two solutions are separated by a monolayer of silica 
particles with diameter of 500 nm at the interfaces as 
shown in Figure 1. The silica particles provide enough 
mechanical stabilities for the following monomer 
exchange. In this step, polyethyleneglycol-diacrylate 
(PEGDA) is used to selectively dissolve the sacrifical 
polymer template into one fluid phase. Ater the 
monomer exchange step, silica nanoparticles are 
etched using hydrogen fluoride (HF) solution. The 
resulting bijel template will serve as a host for metallic 
structure construction. For this, scaffold is immersed 
into PdCl2 and SnCl2 solution for overnight to allow the 
solution to penetrate into the scaffold or attaching 
catalyst to provide nucleation site of metal deposition. 
An electroless deposition method deposits metal to the 
non-conductive bijel template forming biporous metal 
structure. After the metal deposition, the samples are 
calcinated inside the furnace on nitrogen atmosphere to 
remove the polymer matrix. The post-processing will be 
followed to coat the metallic structure’s surface with 
low-surface energy solution.  

Figure 1. Confocal microscopy image of bijel structure 
showing the mixture of water and 2,6-Lutidine 
interfaces stabilized by silica nanoparticles. 
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A new class of bijel materials are suggested to provide 
bi-level porous characteristics in boiling regimes. In 
bijel structures, the 1st order pores (d1) might play an 
important role to transport liquid to the bubble 
nucleation sites. Here, d1 can be controlled by changing 
the silica nanoparticle concentration of the emulsion 
solution which is the mixure of water, 2,6-lutidine, and 
silica nanoparticles. In this process, the active surface 
area will be inversely proportional to d1. In addition, the 
2nd order pores have critical impacts on the bubble 
nucleations due to roughness enhancement. In the 
manufacturing process, d2 is suggested to be controlled 
by crosslinking density of polymer matrix. The amount 
of monomer exchange changes the crosslinking 
density, which affects the amount of metal deposition 
inside the bijel scaffold. Figure 2 shows an example of 
bijel-derived hierarchical nickel fabricated in this study 
where d1=30 µm and d2=200 nm.  
 
Then, we will investigate the wetting and corresponding 
hydrodynamic transport physics of bijel-based metallic 
structures as a function of the morphological 
parameters (i.e. pore sizes). In order to confirm the 
wettability of the porous structures, a sessile drop 
technique is used. The size of the deionized water 
droplet dispensed through the capillary tip is controlled 
by the injection pressure, ranging from 20-50 nl. The 
measured contact angles are confirmed by using 

environmental scanning electron microscope (ESEM) 
images. Using ESEM, the evaporation and 
condensation of droplets can be explored as well [6]. 
 
In summary, we suggest bijel-based bicontinuous 
materials to enhance boiling heat transfer by means of 
bi-level pore morphlogy. Such bijel structures are 
designed to provide efficient paths for liquid and vapor, 
active cavities, and large surface area. In this study, we 
will study the fabricaiton method of bijel-based 
materials and wetting behaviors of thses materials. This 
study using a new class of materials with precise 
control will help to design efficient boiling materials and 
understand the boiling mechanism.  
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Figure 2. Scanning electron microscope images of 
bijel-derived hierarchical nickel structures. These 
structures provide bi-level pores consisting of (a) 1st 
order micropores with 30 µm diameter, and (b) 2nd 
order nanopores with 200 nm diameter.  
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Evaporating sessile droplet of aqueous solution 
deposited on sovatophobic (for example, hydrophobic) 
surface is an urgent object both for theoretical modeling 
(evaporation dynamics, microfluidics inside the drop, 
particle dynamics in evaporating drop, etc) and applied 
researches (printing technologies, nanoparticle 
ensemble self-assembly processes, hydrophobic 
coatings, etc). 
 
There are three basic problems to estimate the colloidal 
particles self-assembly in evaporating droplets: 1) 
solute evaporation from the droplet surface to 
surrounding air (outer problem), 2) hydrodynamic flows 
in droplet volume (inner problem), 3) particle dynamics 
into drioplet with account of interparticle interactions, 
particle-surfaces interactions, particle-flow interactions, 
solvation effects [1,2].   
 
Although self-assembly investigation in evaporating 
droplet of colloidal solution on smooth surfaces with 
quite acute contact angles has been widely studied 
recently for liquids of different properties including 
binary solute mixtures [3-8], nanoparticles ensemble 
self-assembly processes in droplet deposited on 
hydrophobic and superhydrophobic surfaces has not 
received much attention up to date. 
.  

 
 

 

 
Figure 1: Evaporative flux density (evaporation rate) on a 
surface of sessile droplet with acute wetting angle (left) and 
with obtuse angle (right); the pictures were estimated by 
Comsol.  
 
The wetting angle of ‘hydrophobic’ droplet has a value 
in interval from about 90o to about 180o. In this case, 
evaporation flow density has no the integrable 
singularity at contact line, unlike a drop with an acute 
angle (Fig.1). 
 
Deegan (2000), Popov (2005), Hu and Larson (2002, 
2005) have elaborated the useable models of 
evaporation of sessile drop of single liquid based on 

Maxwell diffusion model. 
 
This model has a good approbation for calculation of 
the evaporation flow for the wetting angle interval from 
0o to 90o. In framework of this model, the evaporation 
flow density on the droplet surface is given by 
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where φ  is a contact angle; Rd is a droplet radius (Fig. 
2).  
 
Computer modeling the self-assembly of an ensemble 
of nanoparticles in drying droplet requires the using of 
quick analytic approximation solutions for the 
evaporation flow, so that a good example of which are 
the Hu-Larson’s [5] solution given by Eq.1. But, up to 
date, such a solution for droplet on solvatophobic 
substrate is absent. 
 
 

 
Figure 2: Geometry of liquid capillary-sized droplet on a flat 
substrate. 
 
 
According to the generally accepted opinion, Popov’s 
model with integral formula for the evaporation flux [7] 
can be used for whole interval of contact angles from 
about 0o to 180o. However, such a diffusion-only model 
has significant deviations from experiment for droplets 
on superhydrophobic surfaces with negligible contact 
angle hysteresis [9]. 
 
The similar situation takes place for inner problem 
(hydrodynamic flows into droplet). Lubrication 
approximation analisys given by Oron [9], Deegan et al 



3rd International Conference on Droplets  
University of California Los Angeles, USA, July 24th to 26th, 2017 

[4] can be applied only for the flow field produced by 
droplet evaporation under the additional approximation 
of a flat droplet (small contact angles).  Deegan et al. 
have used the lubrication approximation to calculate 
the hydrodynamic flow into a droplet with acute angle 
and pinned contact line.  
 
Hu and Larson have developed such a semianalytical 
approximation in their model of hydrodynamic flows in 
drying drop. The kinematic boundary condition with a 
phase change is 

ρ
+=

),(],0][,[),( JnVn Znn zr
! ,      (2) 

where (n,J) is the evaporation flux along the direction 
normal to the free surface, where n is a unit vector 
along the normal direction, and nr and nz are the r and z 
components of the unit normal vector n, respectively.  
 
In our work [1], the boundary conditions of a more 
general form for the rate of flow on the top of drop 
surface were proposed:  
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where ρ is a mass density of a liquid, 
dt
tdZ ),(θ  and 

dt
tdR ),(θ  are z- and r-components of velocity of the 

geometrical point on a drop surface. Such a shift takes 
place due to the evolution of the form and size of the 
evaporated drop with account of the contact line 
movement (Fig.3).  
 

 
Figure 3: Pictures showing the trajectories of displacement of 
the points on surface of drying droplets with acute contact 
angle during evaporation with a pinned contact line: a) 
lubrication theory (wrong); b) our model [1,2]. 

 
These boundary conditions were successfully used to 
simulate the self-assembly of nanoparticles in sessile 
droplets with contact angles having the value smaller 
than right angle. However, applicability of Eqs. (3-4) for 
hydrophobic droplets still has not been investigated.  
 
The boundary conditions for general case which 
includes the obtuse contact angles are still absent in 
scientific publications.  
  

This report includes the analysis the application of 
existing droplet evaporation models, the boundary 
conditions for the hydrodynamic flows on the drop 
surface (Fig.4), as well as the nanoparticle dynamics in 
the hydrophobic droplet, and the dry pattern formation 
processes modeling.   

 
Figure 4:  Trajectories of displacement of the points on 
surface of drying droplets with obtuse contact angle during 
evaporation with a pinned contact line according to our new 
model. 
 
The necessity to develop the existing models of 
evaporation and boundary conditions for hydrophobic 
sessie droplets is shown. For the first time, 
self-assembly model in drying droplets on hydrophobic 
substrate is described and estimated. 
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When two identical droplet come into contact with each 
other, they typically coalesce into a larger one for 
minimizing the free surface energy. Notably, the 
hydrodynamic behaviors during the process after 
coalescence, including rapid expanding of liquid bridge 
formed between two droplets, are of great scientific 
interest because of the richness of the underlying 
physics, such as free surface flow1-4, Rayleigh-Plateau 
instability5-7, and singularity dynamic8, all of which are 
also essential to appropriately manipulate droplet 
coalescence in various application9-11. The capillary 
driven expansion of the neck generates capillary waves 
from the released surface energy. The wave carry 
momentum and propagate axisymmetrically along the 
droplet surfaces, thereby be blocked by the connecting 
solid surface, e.g. needle, simultaneously, stretch 
outward from the opposite poles to form protrusions, 
which are sometimes pinched off to form satellites. 
Chen et al.9 observed three regimes after pinched 
droplet coalescence, with on satellite droplet formation. 
Thoroddsen et al.7, 12, 13 provided models for predicting 
the satellite size generated from the capillary wave 
induced by drop coalescence, and the pinch-off 
limitation. 
In this work, we have systematically studied the 
oscillation process of liquid bridge after the 
coalescence of a pendent and sessile droplet pinched 
on the needles. As shown in Figure 1(a), the 
coalescence of the distilled water droplets in 
atmosphere were controlled inside a stainless steel cell 
with sight glass. Two droplets were formed at the flat 
extremities of facing vertical coaxial needles by 
injecting liquid from corresponding syringe pump. The 
injection rate of micropump (Harvard PHD ULTRA) was 
set from 0.01ml/min to 0.2ml/min for obtaining various 
approaching speed. A sessile droplet was first 
generated on the lower needle extremity by controlling 
the volumetric flowrate Qv and running time of pump. 
Then a pendent droplet grew on the upper needle 
extremity. The dynamic process of millimeter-sized 
droplets after generation, including the process from 
coalescence to oscillation, and sometimes broken, is 
directly recorded by a high-speed camera (Photron 
MINI UX100 with 1280 × 480 resolution) cooperated 
with long distance microscope lens (KEYENVE 
VH-Z50) from the side, at the frame rate of 10000 fps. 
A LED parallel light source (power 3W, spot diameter 
20mm) was used to provide back-lit illumination. The 
side-view image of a pendent and a sessile droplet 
pinched on the needle before coalescence is shown in 
Figure 1(b). This allows the study of a liquid bridge of 

volume V attached to the edges of two facing solid 
disks of diameter D (corresponding radius R) separated 
by a distance H. Droplet volume, centroid coordinates 
(xc, yc) and curvature radius r1, r2 were determined via 
image analysis using Matlab software. 

 
Figure.1 (a) Schematic of the experimental set-up. (b) The 
side-view of two initial droplets before merging. The distance 
between needles H, width of droplet contacting with needle D 
and curvature radius of two droplets r1, r2. 
 
Results and discussion 
Three different coalescence regimes are observed 
during the entire droplet coalescence process, 
including pinch-off in two necks during first necking 
stage (type I) (Figure 2a), pinch-off in one neck during 
second necking stage (type II) (Figure 2b), and stable 
liquid bridge with no pinch-off (type III) (Figure 2c). 
Note that, these results indicate that gravity turns to be 
increasingly pronounced in morphologies development 
of coalescences after the initial expansion of the liquid 
bridge, especially in the final pinch-off process. 
Therefore, we represent these regimes using the Bond 
number (Bo=ρgR2γ--1, which compares gravity to the 
surface tension forces), and the Weber number 
(We=ρu2Rγ--1, which compares inertial to surface 
tension forces). 

 
Figure.2 Evolutions of the liquid bridges after coalescence of 
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the two distilled water droplets. (I) Initial arrangement; (II)-(IX) 
Oscillation of liquid bridge formed by coalescence of droplets. 
Three typical regimes: (a) satellite droplet generated from 
pinch-off in two necks during first necking stage (volumetric 
flow rate: 0.01ml/min, outer diameter: 0.55mm, time interval: 
60ms); (b) pinch-off in one neck during second necking stage 
(0.05ml/min, 0.9mm, 150ms); (c) stable liquid bridge with on 
pinch-off (0.01ml/min, 1.34mm, 150ms). 
 
We use Matlab software to obtain the contour of the 
gas-liquid interface on each image, and plot W, 
normalized by Wmax, as a function of time in Figure 3(b). 
This damping behavior of nondimensional W is clearly 
illustrated by the blue dotted line and exhibits a single 
dominant period intuitively. Using the damped 
oscillation sine function to fit. Then, the dependence of 
the oscillation parameters (A, γ, T) on the pinned 
needle and approaching speed. 

 ( ) 0 sin 2t tw t w Ae
T

δ π φ− ⎛ ⎞= + +⎜ ⎟
⎝ ⎠

  (1) 

 
Figure.3 (a) Typical moments of coalescence process of DI 
water droplets pinched on the needles, corresponding to the 
marked time in (b). At t0 = 0 ms, the droplets are just contact; 
At t1 = 0.5 ms, the liquid bridge expanding, corresponding half 
of width is marked as W; At t2 = 2.9 ms, W reaches its 
maximum value Wmax for the first time; Then it decreases until 
t3 = 6.3 ms; At t4 = 8.1 ms, W reaches the peak once again. 
After several damped oscillation periods, the liquid bridge 
closes to a static state at the final recording time t5= 29.6 ms. 
(b) Normalized width in the middle of the bridge W/Wmax 
versus time; blue dotted line represents the experimental 
results obtain from sequence images; red line is the fitting 
curve by damped sine function. Inset: the residual of W/Wmax 
with fitting. 
 
Furthermore, we analyze the oscillation behavior of 
liquid bridge in the middle position at various volumetric 
flowrates and needle diameters. The damped 
behaviors are significantly influenced by the contact 
condition with the needle tips, conversely, less 
influenced by the approaching speed. 

 
Figure.4 Normalized width in the middle of the bridge W/Wmax 
versus time t. (a) width oscillation of liquid bridge pinned on 
inner diameters 0.2, 0.4, 0.6, 0.8, 1.0 mm (using inner 
diameter for convenience; outer diameters used as analytical 

size) at the same approaching speed; (b) oscillation of bridge 
at 0.01, 0.05, 0.1, 0.15 and 0.2 ml/min volumetric flowrate and 
0.2 mm diameter needle. 
 
We will further study these three regimes and transition, 
especially the pinch-off and damped oscillation from 
aspect of wave instability. 
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We perform a thorough investigation of the drying 
dynamics of a charged colloidal dispersion drop in a 
confined geometry [4].  
 
We develop an original methodology based on Raman 
microspectroscopy to measure spatially resolved 
colloids concentration profiles during the drying of the 
drop. These measurements lead to estimates of the 
collective diffusion coefficient of the dispersion over a 
wide range of concentration. The collective diffusion 
coefficient is one order of magnitude higher than the 
Stokes-Einstein estimate, showing the importance of 
the electrostatic interactions for the relaxation of 
concentration gradients.  
 
At the same time, we also perform fluorescence 
imaging of tracers embedded within the dispersion 
during the drying of the drop, which reveals two distinct 
regimes. At early stages, concentration gradients along 
the drop lead to buoyancy-induced flows. Strikingly, 
these flows do not influence the colloidal concentration 
gradients that generate them, as the mass transport 
remains dominated by diffusion.  
 
At longer time scales, the tracer trajectories reveal the 
formation of a gel that dries quasi homogeneously. For 
such a gel, we show using linear poroelastic modeling 
that the drying dynamics is still described by the same 
transport equations as for the liquid dispersion.  
 
However, the collective diffusion coefficient follows a 
modified generalized Stokes-Einstein relation, as also 
demonstrated in the context of unidirectional 
consolidation by Style and Peppin [Style and Peppin, 
Crust formation in drying colloidal suspensions, Proc. 
R. Soc. A 467, 174 (2011)]. 
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While the involved physical phenomena are nowadays 
properly understood, sessile droplet evaporation 
remains an active research area since several 
experiments are not comprehensively explained. 
Indeed, recent experimental works have provided very 
interesting dynamics [1-5], whose characteristics 
strongly depend on control parameters, such as 
substrate temperature, ambient pressure and the 
various thermo-physical properties of substrate, droplet 
liquid and surrounding gas. There is no general 
agreement in the scientific community about the 
root-causes of the observed behavior. Are they 
hydro-thermal waves, Rayleigh-Bénard-Marangoni 
instabilities, or even something else? 
 
One of the means to unmistakably answer this question 
would consist in conducting a stability analysis of the 
fully coupled and transient fluid flow, heat and mass 
transfer problem [6]. However, to do so, one must first 
overcome two major difficulties. The first one concerns 
the computation of the transient base state, whose 
complexity arises from the strong non-linearities 
associated with the three competing driving 
mechanisms: i) Stefan flow draining liquid towards the 
interface and more specifically to the triple line when 
the latter is pinned; ii) buoyancy in the liquid and vapor 
inducing thermo-solutal convection; iii) surface tension 
gradient along the liquid-gas interface inducing 
thermo-soluto-capilary convection. The second level of 
complexity to perform a relevant stability analysis 
consists in the intrinsic unsteadiness of the sessile drop 
evaporation process, in which several time scales 
co-exist. 
 
For particular evaporation configurations, the dynamics 
of perturbations lies in a much shorter time scale than 
the total evaporation time, so in this case one can 
separate perturbations from the base state in a frozen 
time approach. This enabled us to find that the 
prevalent perturbations of the base state mainly come 
from the liquid droplet in which they trigger 
tridimensional flow structures. Therefore, we have then 
conducted 3D computations restricted to the droplet 
and its substrate with a one-sided model, in which heat 
and mass transfer across the liquid-gas interface is 
modeled in a semi-analytical way. These unsteady 
computations are performed during the first stage of the 
evaporation process in which the triple line is pinned to 
the substrate, so that the droplet diameter is kept 
constant, meanwhile the contact angle continuously 
decreases over time. The obtained results are in good 

agreement against several experiments performed 
either under terrestrial conditions or reduced gravity 
(parabolic flights), cf. figure 1. 
 

 
 

Figure 1 – 3D unsteady computations: thermal and 
velocity fields over the droplet surface and in a cut 

plane. 
 

These one-sided model computations helped us to 
understand one of the potential instability scenarios. At 
the beginning, a torus roll appears in the wedge close 
to the pinned triple line and drives eventually an inner 
roll by viscous stress depending on the droplet aspect 
ratio (height/radius). As their intensity increases over 
time they split into thermo-capillary cells owing to 
Rayleigh-Bénard-Marangoni instability. Then, the 
number of cells evolves in time owing to the fact that 
the plane wavelength of these cells is closely related to 
their depth. As in the first stage of droplet evaporation 
the triple line is pinned the wetting angle consequently 
decreases, so does the liquid height, changing 
correspondingly the thermal Bond number (ratio of 
Rayleigh to Marangoni numbers). As the number of 
thermo-convective cells changes over time, 
hydro-thermal waves take place to redistribute the 
internal energy in the droplet. In the second stage of 
evaporation the droplet diameter continuously 
decreases, so does its perimeter, while the wetting 
angle stays roughly constant. Therefore the height of 
peripheral cells remains also constant; consequently 
their number has to decrease in order to match the 
droplet perimeter. Here again, hydro-thermal waves 
enter the game to redistribute the internal energy in the 
droplet. 
 
The dark side of this approach is that computing times 
are still prohibitive to perform any parametric study this 
way. Therefore we have conducted a dimensional 
analysis to account for the main physical components 
of the problem. As usual, one assumes perturbations 
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been able to destabilize the base state provided their 
energy reaches a certain amount of the total energy of 
the system, made-up of the liquid droplet and its 
surrounding gas (air + liquid vapor). To approximate 
these energy levels, prevalent terms have to be 
evaluated. In terrestrial conditions the two prevalent 
driving terms are buoyancy (thermal and solutal) 
together with surface tension gradients (thermo and 
soluto-capillary forces). The first one can be quantified 
thanks to thermal and solutal Rayleigh numbers, 
meanwhile the second one can be quantified by 
thermal and solutal Marangoni numbers. On the other 
hand, the energy involved in the evaporation process is 
related to the vapor flux throughout the droplet interface 
times the latent heat of vaporization. Therefore, a linear 
combination of all these terms enables to quantify the 
total energy involved in the evaporation process. 
Computing the latter in various experiments where 
instabilities have been either observed or not (cf. figure 
2), enabled us to empirically determine a threshold of 
instability occurrence. 
 

 
 

Figure 2 – Top view images from infra-red camera of 
sessile drop evaporation revealing somehow their 
internal flow patterns (same thermal conditions but 

different fluids and gravity levels). 
 

This semi-empirical analysis enables us to discern 
instances of instability depending on experimental sets 
of parameters. However, some further work has to be 
performed to improve the described model in order to 
become predictable. 
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Impact experiments are conducted to investigate the 
behavior of gels under very large deformations. We 
focus on the dynamics of thin sheets freely expanding 
in air, which are produced by impacting a drop or a 
bead onto a small solid target or onto a cushion of liquid 
nitrogen, in order to suppress any dissipation process. 
To disentangle the role of capillary, viscous and elastic 
forces in the dynamics of the sheets, a large variety of 
materials is investigated, whose rheological 
characteristics are tuned over many orders of 
magnitude: viscous liquids, and permanent and 
transient gels. The reversible gels are self-assembled 
viscoelastic Maxwell fluids characterized by an elastic 
modulus, G0, a relaxation time, τ, and a zero-shear 
viscosity, η0=G0τ. The permanent gels are cross-linked 
polymer networks with an elastic modulus as low as 10 
Pa. 
 
For transient gels, when τ is shorter than the typical 
lifetime of the sheet (~ 10ms), we show that the 
dynamics of the sheet is similar to that of Newtonian 
viscous liquids with equal zero-shear viscosity. In that 
case, the maximal expansion of the sheet, dmax, 
decreases with η0 and can be quantitatively accounted 
for by a model based on energy conservation 
arguments taking into account the viscous dissipation 
on the small solid target. On the other hand, when τ is 
longer than the typical lifetime of the sheet, the 
behavior drastically differs. The sheet expansion is 
strongly enhanced as compared to that of viscous 
samples with comparable zero-shear viscosity, but is 
heterogeneous with the occurrence of cracks, revealing 
the elastic nature of the viscoelastic fluid. By contrast, 
the sheets produced by the impact of ultrasoft solid 
beads composed of permanent gels can expand 
significantly but never break (fig. 1). 
 

6 mm

 
Fig. 1: Images of a soft elastic drop (left), a viscoelastic gel 
drop (middle) and a viscous drop (right) impacting a solid 
surface covered with liquid nitrogen (left) and a small solid 
target (middle and right). Images are taken at the sheet 
maximal expansion. The scale is the same for the three 
images. 
 
Furthermore, we demonstrate that the surface tension 
of the drops and soft beads of gel must be taken into 
account in order to successfully model their expansion. 

We define the maximum spread fractor λ as dmax over 
d0 (with d0 the initial size of the drop or bead). Hence, 
once surface tension, elasticity, and viscous dissipation 
are quantitatively taken into account, we experimentally 
show a universal evolution of λ with the impact velocity 
normalized by the velocity of generalized elastic and 
capillary deformations. Figure 2 demonstrates that 
liquids (with surface tension in the range [28-72] 
mN/m), Newtonian fluids (with viscosity in the range 
[2-700] mPa.s, solids (with elastic modulus in the range 
[10-700] Pa) and viscoelastic gels (with G0 in the range 
[2-20] Pa) all collapse onto a single mastercurve with λ 
proportional to the normalized velocity, as predicted by 
our model.  
 

Liquid drops (liq. N2)
Liquid drops (target)
Liquid drops (target)
Permanent gels (liq. N2)
Transient gels (liq. N2)
Transient gels (target)
Viscous drops (target)

 
Fig. 2: Maximal spreading factor (maximal expansion of the 
sheet normalized by initial drop/bead size) as a function of a 
normalized impact velocity that takes into account the 
viscous dissipation on the solid target divided by a velocity of 
generalized elastic and capillary deformations. 
 
Overall, we have quantitatively rationalized the 
spreading dynamics of impacting drops and beads for 
viscous, viscoelastic and elastic materials by taking into 
account surface tension, elastic deformation and 
viscous dissipation. 
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Introduction 
Production of uniform micron sized droplets 
from molten materials is needed in many 
engineering applications such as placing 
solder balls on chips in electronics industries 
or rapid prototyping technologies similar to 
inkjet printing [1,2]. Pneumatic drop-on-
demand (DOD) droplet generators are very 
promising and reliable for such applications as 
they can generate individual droplets while 
providing control over droplet size. Cooling 
single molten metal droplets is a well-defined 
reproducible process and a suitable method of 
producing uniform sized droplets. It is a well-
suited process in which the microstructure of 
the metallic particles can be adjusted.  
In the process of producing particles via 
droplet-on-demand generators, sudden short 
pulses of pressurized gas, created via a 
solenoid valve that opens and closes rapidly, 
are applied to the molten metal liquid in the 
crucible [3]. The melts are ejected from the 
nozzle and detach in the form of single 
droplets. Droplet-on-demand generators are 
cheap and convenient to use since there is no 
moving part in contact with the molten alloy 
and therefore there is no inherent restriction on 
the operating temperature [4]. 
In this study, metallic micro particles with 
various particle diameters are produced using 
a pneumatic droplet-on-demand generator. 
The resulting microstructure, physical and 
chemical properties are determined after 
defined cooling of the droplets. Correlation for 
the heat transfer of the falling molten droplet is 
provided. As there are no correlations of heat 
transfer coefficients validated in the desired 
high temperature range for molten alloys, we 
are focusing on evaluating how well the 
experimental results fit conventional models. 
In order to provide a comparison of results for 
different materials, single metal droplets of Cu-
6%Sn and Al-4.5%Cu of various diameters 

were generated using a Drop-on-demand 
droplet generator. 
Experiments 
Our experimental setup for the micro metal 
droplet generation, mainly including a 
pneumatic droplet-on-demand generator is 
illustrated in Figure 1. The droplet-on-demand 
generator which is designed to produce 
spherical uniform metal droplets on demand 
comprises a solenoid valve, a 
graphite/ceramic crucible, and an induction 
heating furnace. The system is connected to a 
Nitrogen/Helium/Argon source both for 
purging and providing the pressure needed to 
force out and detach the single droplets. 
During the process, a function generator 
controls the solenoid valve to transfer pressure 
pulses to the molten liquid in the crucible. The 
detached droplets are subsequently cooled 
during the free fall and then quenched in water 
at a defined falling distance. Owing to the fact 
that the process parameters vary for different 
alloys and depend on the material properties, 
in-situ characterization and determination of 
the droplet size was performed throughout the 
experiments and the microstructures of the 
particles were determined. 
Al-Cu and Cu-Sn alloys are widely used in 
industrial processes. In this study, single 
droplets of Cu-6%Sn and Al-4.5%Cu were 
produced. Setting the falling distance, melt te- 

 
Fig.1. Schematic of experimental setup  
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-mperature and quenchant media, the 
particles were consequently cooled. The 
temperature of the droplet generator and 
molten metal were constantly observed during 
the process. The test chamber was 
continuously purged with nitrogen until the 
oxygen content of the system was below 30 
ppm. A summary of the process conditions is 
shown in Table 1. 
Table 1. Summary of process conditions of the 
droplet generation via DOD 

Material Al-4.5%Cu Cu-6%Sn 

Melt 
temperature(°C) 

800 1200 

Quenching 
atmosphere 

Nitrogen Nitrogen 

Quenching 
distance(m) 

0.82 0.82 

Quenchant water water 

Modeling 
The thermal energy for a hot single metal 
droplet moving in a cooler fluid is transferred 
via forced convection and radiation while there 
is also heat conduction within the particle [5]. 
In order to model the cooling rate and 
solidification, the droplet motion and heat 
transfer were taken into account. In previous 
studies for modeling such droplets, a low 
temperature gradient was used to calculate 
the heat transfer coefficient in molten metal 
droplets. However, high temperature gradients 
(1000 K or more) should be considered due to 
high temperature difference between the 
ambient gas and the droplets. To model the 
heat transfer around the single droplets at 
elevated temperatures and the boundary layer, 
an axially symmetric 2D steady state 
conjugate heat transfer model was developed 
embracing the effect of large temperature 
gradient on the drag and convective heat 
transfer of the spheres. A correction to the 
Schiller-Naumann-Correlation [6] is introduced 
for non-isothermal conditions. The equations 
are solved via the commercial solver “Comsol 
Multiphysics 5.2” with a parametric fully-
coupled solver. Finally, the experimental 
results are used to validate the model and the 
comparison of the heat transfer for the two 
selected alloys is made and the results are 
analyzed. 
Analyses  
Dendrite arm spacing is related to solidification 

time and cooling rate based on previous 
studies and available correlations [7,8]. In 
order to characterize the solidification 
structure of metals and alloys, determining the 
primary and secondary dendrite arm spacing 
(SDAS) is of high importance. The synthesized 
spherical micro samples are embedded, 
grinded, polished and etched hierarchically in 
order to determine their microstructure and 
consequently, the SDAS. Based on the 
correlation and experimental measurement of 
SDAS, the cooling rate of the spheres are 
determined. Furthermore, using the proposed 
model, the cooling rate of the falling molten 
droplets is calculated. The results of the model 
and experiments are in good agreement.  
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When a droplet is deposited onto a moving wall, the 
droplet can steadily levitate. There is an air film 
between the levitating droplet and the moving wall. It is 
thought that lubrication pressure generated inside the 
air film dominantly sustains the droplet. However, 
experimental validation based on three-dimensional 
measurements has not been conducted although 
previous study[1] had conducted two-dimensional 
numerical simulations.  
Our purpose is to calculate lubrication pressure 
distribution generated inside the air film between the 
levitating droplet and the moving wall in experiments. 
For calculation of lubrication pressure, we first verify 
the assumption that lubrication theory can be applied to 
the air film by using numerical simulation since 
Reynolds number in our experiment is around 2. We 
then calculate lubrication pressure, and assess global 
and local force balances on the levitating droplet. First, 
integrated value of lubrication pressure is compared 
with the levitating droplet’s weight. Second, lubrication 
pressure is compared with the pressure due to surface 
tension and hydrostatic pressure. Based on these two 
balances, we experimentally clarify that lubrication 
pressure dominantly sustains the levitating droplet.  
 
We first discuss whether lubrication theory is applied to 
the air film under the levitating droplet. Navier-Stokes 
equation of steady incompressible flow is  

 (u ·r)u = �1

⇢
rp+

µ

⇢
r2u,

 
 (1) 

where u=(u, v, w), p(x, y), ρ, and μ respectively stand 
for velocity vector, lubrication pressure, density of air, 
and viscosity coefficient of air. A coordinate system of 
the levitating droplet is shown in Fig. 1(a). We set x-axis 
to the direction along wall movement, y-axis to the 
direction in front of paper and z-axis to the vertical 
direction to wall. The origin is located at the position 
where the center of droplet is projected onto the wall.  
When Reynolds number is sufficiently smaller than 1, 
that is to say, when inertia term is sufficiently smaller 
than viscosity term, inertia term can be neglected. Thus, 
Eq. (1) is rewritten as 

 �rp+ µr2u = 0.  (2) 
In addition, when the air film thickness h(x, y) is much 
smaller than the length scale along mainstream, we 
can assume velocity w vertical to the wall to be 0. 
Consequently, we set up simultaneous equations of Eq. 
(2) and equation of continuity, and then obtain 
Reynolds equation[3] as 
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(3) 

where U denotes wall velocity. Eq. (3) is the governing 
equation of the air film in applying lubrication theory. 
We show a schematic view of our experimental setup in 
Fig. 1(b)[2]. A hollow glass cylinder rotates on its axis in 
the horizontal direction with constant circumferential 
velocity U=1.57 m/s. A droplet is deposited onto the 
inner wall of the cylinder, resulting in its steady 
levitation. The three-dimensional shape of the air film 
between the droplet and the wall is measured by using 
interferometric method. Monochromatic incident light 
with wavelength 630 nm through coaxial zoom lens 
reflects off the droplet’s bottom and the wall 
respectively, which makes interference fringes. We 
obtain an image of the fringes with a high-speed 
camera (FASTCAM SA-X, Photron), and reconstruct 
three-dimensional shape of the air film (shown in Fig. 
2)[2]. In our experiment, we use the droplet of silicone oil 
(surface tension σ=20.9 mN/m, density ρs=960 kg/m3, 
and viscosity ν=100 cSt) with diameter 3.16 mm. 
In this paper, we conduct numerical simulation in order 
to consider whether lubrication theory can be applied to 
the air film under the levitating droplet. We compute 
pressure distributions generated inside the air film with 
two kinds of governing equations: (i) general 
Navier-Stokes equation (Eq. (1)) and equation of 
continuity, (ii) Navier-Stokes equation neglecting inertia 
term (Eq. (2)) and equation of continuity. We investigate 
the effects of inertia term by comparing two pressure 
distributions, and that of velocity w vertical direction to 
the wall to wall velocity U. Consequently, we consider 
whether lubrication theory can be applied to the air film. 
We use COMSOL Multiphysics, which is the simulation 
software using the finite elemental methods. We 
assume that the gas-liquid interface is a solid wall with 
a no-slip condition because the measured air film 
shape is steady and the velocity of the droplet’s surface 
is negligible with respect to the wall velocity. The 
velocity of the moving wall is U along x-axis and the 
pressure outside experimental calculation area is 
atmospheric pressure p0 (shown in Fig. 1(a)).  
After confirming the assumption that lubrication theory 
can be applied to the air film, we experimentally 
calculate lubrication pressure by applying lubrication 
theory (Eq. (3)). In order to solve Eq. (3), we conduct 
iterated calculation by central finite difference method 
in MATLAB. Now, we use the air film shape shown in 
Fig. 2(a) for our experimental calculation. Then, we 
verify two kinds of balances about lubrication pressure 
generated inside the air film. First, we compare the lift 
force L acting globally on the levitating droplet with the 
droplet’s weight W. Lift L and weight W are calculated 
by following equations:  
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 L =

ZZ
pdxdy,

 
(4) 

 W = mg cos ✓, (5) 
where m, g and θ respectively stand for mass of the 
droplet, gravitational acceleration and the angle 
between the direction normal to the wall and that of 
gravity (shown in Fig. 1(a)). Second, we verify a local 
balance of lubrication pressure at gas-liquid interface. It 
is thought lubrication pressure balances with surface 
tension and hydrostatic pressure[1]. Therefore, we can 
write the equation of balance at the droplet’s bottom,  

 2�(0 � ) +�⇢g[(z0 � z) cos ✓ + (x0 � x) sin ✓]

= p, (6) 

where Δρ, κ and κ0 respectively stand for density 
difference between air and the droplet, curvature at the 
gas-liquid interface and curvature at the point (x0, y0, z0). 
Now, there is the point (x0, y0, z0) on blue line in Fig. 
2(a), and x0=-dt/2, y0=0, z0=h(x0, y0) where dt denotes 
diameter of experimental calculation area. We calculate 
sum pressure ps of surface tension and hydrostatic 
pressure, and then compare it with lubrication pressure. 
 
Fig. 3(a) and (b) respectively show pressure distribution 
computed by governing equations (i) and (ii). Fig. 4(a) 
shows lubrication pressure p calculated by applying 
lubrication theory (Eq. (3)). All pressure distributions 
have positive pressure in a whole area except the part 
of downstream side. Both peak values of positive and 
negative pressure agree within 4 % between two 
pressure distributions, and integrated values of 
pressure distributions also agree within 6 %. In addition, 
velocity w vertical to the wall has much small value 
within 2 % of wall velocity U in the flow field with 
governing equations (i). Therefore, pressure is not 
affected by inertia term in Navier-Stokes equation and 
velocity w. In short, lubrication theory can be applied to 
the air film between the levitating droplet and the 
moving wall.  
We then assess local and global force balances on the 
levitating droplet experimentally. First, we calculate the 
lift force L by Eq. (4) and the droplet’s weight W by Eq. 
(5). Consequently, we obtain quantitative agreement 
between L=(1.06±0.05)×10-4 N and 
W=(1.11±0.02)×10-4 N. Second, Fig. 4(b) shows the 
sum pressure ps of surface tension and hydrostatic 
pressure (left side of Eq. (6)). Both pressures by 
lubrication theory (Eq. (2)) and by Eq. (6) have positive 
pressure in a whole range of experimental calculation 
area except area near the downstream rim. Two 
pressure distributions indicate reasonable agreement 
although the peak values of negative pressure are 
different due to the limit of interferometric method. 
Therefore, we verify that lubrication pressure locally 
balances with surface tension and hydrostatic pressure 
at the droplet’s bottom.  
 
In summary, we have confirmed that lubrication 
pressure can be applied to the air film by using 
numerical simulation, and then calculated lubrication 
pressure generated inside the air film between the 
levitating droplet and the moving wall. Then, we have 
verified two kinds of force balances. First, we obtain 

quantitative agreement between the lift force 
integrating lubrication pressure and the droplet’s weight. 
Second, we experimentally verify that lubrication 
pressure locally balances with surface tension and 
hydrostatic pressure. In conclusion, to the best of the 
authors’ knowledge, for the first time, we experimentally 
verify that lubrication pressure dominantly sustains the 
levitating droplet.  
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Fig. 1: (a) Coordinate system of the levitating droplet. 

(b) Schematic view of our experimental setup. 

 
Fig. 2: Measured air film shape. A front part of the air 
film is not displayed.  

 
Fig. 3: Pressure distribution computed respectively (a) 
by governing equations (i) and (b) by (ii).  

 
Fig. 4: (a) Lubrication pressure p calculated by applying 
lubrication theory (Eq. (3)) and (b) the sum pressure ps 
of surface tension and hydrostatic pressure by Eq. (6). 
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In the present work we have devised an innovative yet 
simple methodology of exciting multiple oscillation 
modes in a single droplet without varying the driving 
frequency f. This is achieved simply by allowing the 
droplet to evaporate [1,2]. Different modes of 
oscillations are excited each at different instances in 
the evaporation process. The substrates chosen are 
PDMS (10:1) coated glass slides which are attached to 
the platform of an electrodynamic shaker. The fluid 
used is de-ionised water. The deployed droplet volume, 
equatorial radius and contact angle are 5.4+0.4 µl,   
110+1o , and 1.2+0.02 mm respectively. A transparent 
enclosure is mounted atop the platform covering the 
droplets from any external convection. The frequencies 
chosen are f=400 to 800Hz in steps of 100Hz. The 
oscillated droplet shapes are imaged using Photron 
FASTCAM Mini UX100 camera and a zoom lens. The 
amplitude of the shaker is kept within 12+1.5 microns in 
each run. The ambient temperature and relative 
humidity is maintained at 25+0.5oC and 42.5+2.5%. 
 

 
 
Fig 1 (a) Schematic showing interface oscillations and 
relevant dimensions. (b) Resonance of different modes 
at f=400Hz (c) Resonance of different modes at 
f=800Hz. 
  
A previously proposed method has been adopted to 
describe the oscillation modes [3]. Fig 1 (a) shows a 
schematic with oscillating droplet shapes (dotted lines) 
against a hypothetical spherical dome shape (solid line). 
This hypothetical shape represents the stationary 
interface. The entire configuration is assumed 
axisymmetric along the axis z. R0 and θc are the 
spherical radius and static contact angle of this 
hypothetical shape. The interface oscillations form a 
standing wave. The nodes of the wave along constant 
values of z form nodal circles (red lines). It is seen in 
the present work that the contact line is non-oscillating. 
Thus it is also a nodal circle. According to the adopted 

approach the mode order n of oscillation is given by the 
number of such circles. The amplitude at the apex is Δh. 
Resonance of a mode is detected by local maxima in 
Δh.   
 
We consider the dispersion relation for capillary waves 
[4] - 

1
2

3

2f πγ
α

ρλ
⎛ ⎞
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⎝ ⎠

                               (1) 

ρ=1000 Kg/m3 and γ=0.072 N/m are the density and 
surface tension of water, λ is the wavelength of the 
standing interface wave and α is a correction factor [4]. 
The interface length l  can be expressed at resonance 
of mode n as - 

0
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From (1) and (2) we can derive an expression for the 
resonance frequency fn of mode n as [1] - 
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The droplet mass is  

 ( )3 3
0 cos 3cos 2 3c cm Rρπ θ θ= − +  and 

( ) ( )3 3cos 3cos 2c c c cg θ θ θ θ= − + .  
 
Conventional mode resonance detection in droplets 
involve tuning the driving frequency f  to match fn for 
desired n. We have proposed an alternate method 
where there is no need to tune f [1]. Droplets oscillating 
at constant f self tune to resonances of various modes 
n when allowed to evaporate. Evaporation reduces the 
mass m and static contact angle θc. From (3) it can be 
said that for a particular value of n, fn will keep on 
increasing with evaporation. So f will automatically 
match with fn for each n at different instances in 
evaporation. Since fn is increasing the modes excited 
will be in descending order. As an example for a droplet 
oscillating at f=800Hz, mode n=5 will be excited first, 
then n=4 and so on till n=2 (lowest allowable mode). 
This is clearly shown in the high speed images in Fig 1 
(b) and (c).  
 
To quantify this evaporation driven natural tuning of 
mode resonances we have proposed a parameter 
based on (3) [1]. The variations of m and θc can be 
combined into a single parameter Ω - 
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In other words evaporation brings about variation in Ω 
to excite mode resonances in a single oscillating 
droplet. Plotting Δh/R0 against Ω represents an 
evaporation driven spectrum shown in Fig 2 [1]. 
 

 
Fig 2. Resonance spectrum based on Ω [1]. 
 
Note that Ω decreases with t so time progresses in the 
negative direction of the horizontal axis in Fig 2. From 
the merging of the resonance peaks at different values 
of f we see that the adopted theory for 1D capillary 
waves works fairly accurately for the present case.  
 
A physical explanation for the mode transition is as 
follows [1]. From (1) we see that λ should not vary with 
evaporation. So as the interface length l reduces, and 
the distance between nodal circles i.e. λ/2 is kept 
constant, all the nodal circles (except the contact line) 
have to shift downwards. Now in Fig 1a the circles are 
numbered from the top to bottom. So as the nodal 
circles shift, the (n-1)th circle approaches the contact 
line (n th circle) and subsequently merges with it. Thus 
the mode order is reduced from n to n-1 resulting in 
mode transition. 
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Polymer-coated  gold nanoparticles (PGNPs) can 
substitute block-copolymer (BCs) compatibilizers in 
immiscible polymer blends. However, the interfacial 
gold cores  may enhance the thin film disjoining 
pressure (Пpart),  leading to a drainage time (td) 
reduction. This could explain previous four-roll mill 
experiments [1] of two drops stabilized by PGNPs, 
undergoing flow-induced coalescence in extensional 
flow, that showed a puzzling 70% reduction of td, 
compared to drops stabilized by BCs, despite PGNPs 
being more surface active. Since Пpart  was unknown, 
its effect could not be assessed [1].  
 
Here, we quantify the effect of Пpart on td through 
scaling and simulations,  by treating PGNPs as 
surfactants and employing our newly derived analytical 
expression for Пpart , function of  the nanoparticle 
concentration and size [2]. We also compare it to the 
effects of  the surface Peclet number, related to PGNP 
interfacial diffusivity (Ds), and the Marangoni number.  
 
Flow-induced coalescence was very sensitive to all 
three parameters. 3nm gold core particles reduced td 
by 60% for touching cores, increasing significantly the 
coalescence probability of sub-micrometric drops, but 
this reduction softened considerably with decreasing  
particle concentration.  
 
To obtain the same experimental reduction, enhanced 
Пpart had to be present together with Ds higher than its 
Stokes-Einstein estimate, suggesting its break-down 
similar to bulk  [3]. 
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Recently, there has been much interest in using 
lubricated surfaces to achieve extreme 
liquid-repellency. On such surfaces, a foreign droplet 
immiscible with the underlying lubricant layer slides off 
at a small tilt angle < 5o [1,2]. This behavior was 
hypothesized to arise from the absence of droplet-solid 
contact due to a thin intercalated lubricant film beneath 
the droplet, but this has not been confirmed 
unambiguously [3,4]. Here, using dual-wavelength, 
confocal reflection interference contrast microscopy, 
we are able to visualize the intercalated lubricant film 
with nanometric resolution (Fig. 1). Under static 
conditions, three lubrication states are observed: a 
stable continuous (nanometric) film, partially dewetted 
film and fully displaced film. We attribute the 
wetting/dewetting behavior to a combination of 
interfacial tensions effects and long-ranged van der 
Waals' interactions. On the other hand, under dynamic 
conditions, we observe a transition to a micron-thick 
lubricant film, whose thickness is velocity-dependent 
and obeys the Landau-Levich-Derjaguin law (Fig. 2). 
This dynamic lubrication state can be stable, even if the 
film is unstable under static conditions. In this 
oleoplaning state – akin to tires hydroplaning on a wet 
road – we measure minimal dissipative forces (down to 
0.1 µN for 1 µl droplet using a cantilever sensor) and 
show that they originate from viscous dissipation and 
not from contact line pinning. The techniques and new 
mechanistic insights presented in this study will inform 
future work on the fundamentals of wetting for 
lubricated surfaces and enable their rational design.  
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Fig 1. Visualization of the lubricant film profile using 
dual-wavelength, confocal RICM.  
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Fig. 2. Micron-thick lubricant film is stabilized under motion 
and follows the Landau-Levich-Derjaguin law. 
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The drainage of liquid films determines the fate of an 
abundant number of natural phenomena and 
engineering applications, from the stability of 
suspensions and emulsions and the efficiency of 
particulate separation and coating procedures to the 
stability of tear films and the adhesion of bacteria to 
solids. Here we explore the physics of drainage of a 
micron thick liquid film trapped between a solid and a 
micro-bubble while it is exposed to a propagating 
MHz-frequency Rayleigh surface acoustic wave (SAW).    
 
The most interesting observation we report is related to 
the rate of drainage. In the absence of the SAW, the 
intermediate liquid film between the bubble and the 
solid drains due to capillary stresses for a period of one 
to twelve hours (according with the viscosity of the 
draining liquid in our experiments). In the presence of 
the SAW, the drainage of the film is reduced to minutes. 
The viscous penetration of the wave into the liquid 
generates an acoustic flow that breaks the symmetry of 
the liquid film. The film deforms in a manner akin to a 
kinematic wave until capillary stresses, resisting this 
motion, impose a self-similar film geometry, supporting 
fast drainage of liquid out of the film. 
  
We explored this intriguing phenomenon using both 
experiment and theory. We designed the experimental 
system shown in figure 1, where we utilized previous 
findings on the geometry of long bubbles moving in 
rectangular tubes. By abruptly arresting the motion of a 
bubble in a microfluidic channel we imposed a model 
system for the drainage of the intermediate film 
between the bubble and the solid surface of the 
channel. In particular, this procedure allows for 
reducing the dimensionality of the drainage. The micron 
thick film between the bubble and the solid was then 
exposed to a front of a SAW, propagating in the solid 
substrate of the channel and along the draining path. 
This event is illustrated in figures 2 and 3. We 
monitored the spatiotemporal variations in the 
thickness of the intermediate film between the bubble 
and the substrate using the diffraction of 
monochromatic light.  
 
A corresponding theory is in good agreement with 
experiment, highlighting the struggle between acoustic 
and capillary mechanisms in the microenvironment 
explored. In particular, both theory and experiment 
predict the time of drainage support a power low with 
the ratio between the acoustic and capillary stresses in 
the liquid film.  

 
Figure 1: SAW microfluidic platform for undertaking the 
experiments where a micro-bubble near a solid surface 
is exposed to MHz surface acoustic waves. 
 

 
Figure 2: A view from above of the bubble in the 
channel while a surface acoustic wave is propagating in 
the substrate.  
 

 
Figure 3: A cross section view of the bubble in a 
channel of a rectangular circumference, while a surface 
acoustic wave is propagating in the substrate below.      
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Evaporation of multi-component drops is crucial to 
various technologies and has numerous potential 
applications because of its ubiquity in nature. We use 
an ouzo drop as a model for a ternary liquid mixture 
and investigate its evaporation process on surface. The 
Greek drink Ouzo (or the French Pastis or the Turkish 
Raki) is a miscible solution and primarily consists of 
water, ethanol and anise oil. When the water 
concentration is increased by adding water or by 
reducing ethanol, the solution becomes opaque due to 
the “ouzo effect”, i.e. the spontaneous nucleation of oil 
microdroplets [2].  
 
Recently, we discovered how the preferential 
evaporation of ethanol triggers the “ouzo effect” in an 
evaporating ouzo drop [3]. Four life phases can be 
distinguished during the drying. As a remarkable 
phenomenon, we found that the evaporation-triggered 
nucleation starts at the rim of the ouzo drops, which is 
attributed to the flat drop geometry, namely the 
singularity at the rim.  
 
In the current work, we performed evaporation 
experiments on a superamphiphobic, which is both 
superhydrophobic and superoleophobic, to achieve low 
wettability for the ouzo drops. In this case, the ouzo 
drops initially hold a large static contact angle (larger 
than 150o). Thus the singularity at the three phase 
contact line is absent. Codetermined by the 
evaporation flux distribution and volatility difference 
between water and ethanol, the evaporation-triggered 
Ouzo effect preferentially occurs at the apex of the 
drop. Our numerical simulations also reproduce this 
observation. During the evaporation process, two 
distinct slopes characterize the volume decrease of the 
ouzo drop. The initial steep slope is dominantly caused 
by the evaporation of ethanol, followed by the slower 
evaporation of water. At later stages, thanks to 
Marangoni forces, a new remarkable phenomenon 
appears: part of the nucleated oil microdroplets form an 
oil shell wrapping up the ouzo drop, instead of forming 
a persistent oil ring at the contact line. Theoretically, 
based on Popov’s diffusion model for quasi-steady 
natural evaporation of pure liquid drops [4], we also 
propose an approximate diffusion model for the drying 
characteristics of ouzo drops with more than one 
component. The generalized diffusion model predicts 

the evaporation of the drops in agreement with 
experiment and numerical simulation results.  
 
This work highlights the influence of substrate on the 
evaporation process of ouzo drops. A better 
understanding of the dynamics of an evaporating ouzo 
drop may provide valuable information for the 
investigation of the evaporation process of 
multi-component mixture drops.  
 

 
Evaporating ouzo droplets on superamphiphobic 
surface. The diameter of the droplets is around 1.5 mm. 
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The vapor distributions surrounding sessile drops of 
hexane, 3-methylpentane (3MP) and methanol were 
measured using infrared spectroscopy and computed 
tomography. The measurement technique is based on 
the procedure described in reference [1]. Knowledge of 
the vapor distribution enables analyses of the relative 
effects of diffusion and natural convection on the 
evaporation rate. When the molecular weight of the 
vapor is heavier than that of the background gas, 
natural convection tends to compress the height of the 
vapor distribution and extend it radially. Consequently, 
a condition with strong convection is marked by a 
relatively flat and wide vapor distribution compared to 
that of a strictly diffusive vapor transport condition, 
which has an approximately hemispherical shape. 
Thus, the measured vapor distribution provides a 
qualitative indication of the relative strengths of 
convection and diffusion. Quantitative information 
about the rate of diffusion are computed from the 
concentration gradient and, by comparing that rate to 
the overall evaporation rate, inferences about the 
convective flow may be made. 
 
The drop evaporation occurred in air at room 
temperature conditions. Hexane and 3-methylpentane 
were chosen for this study because their evaporation 
rates are substantially influenced by natural convection 
[2-4]. Hexane and 3MP both have moderately high 
equilibrium vapor pressures and molecular weights that 
are substantially greater than that of air. Thus the 
density of their vapor-air mixtures near the surface of 
the drop is substantially higher than the ambient gas 
density, and this density difference instigates the 
convective flow. 
 
Methanol, which is expected to have predominately 
diffusive vapor transport, was chosen to provide 
contrast to the strong convective transport of hexane 
and 3MP. The molecular weight of methanol is nearly 
equal to the molecular weight of air and so there is 
expected to be very little difference between the density 
of the vapor-air mixture at the surface of the drop and 
the density of the ambient gas; and consequently little if 
any natural convection occurring. Furthermore, since 
the diffusion coefficient for methanol is more than twice 
the value for hexane and 3MP, and the equilibrium 
vapor pressure is comparable (just a little lower) to that 
of hexane, it is expected that the rate of diffusive 
transport for methanol vapor is much higher than that 

for hexane or 3MP vapor. 
 
The measured vapor distributions for hexane and 
methanol are presented in Fig. 1. The distributions are 
presented in a vertical plane passing through the center 
of the drop. Axisymmetry was assumed in the 
computed tomography process used to generate the 
distributions. In all cases, the sessile drop had a 
contact line radius of 6.5 mm. The distribution for 3MP 
is very similar to the distribution for hexane and is not 
shown. 
 

 
    (a) 

 

 
    (b) 

Figure 1. Measured vapor distributions surrounding a 
hexane drop (a) and a methanol drop (b). The white 
region outlined in red indicates the sessile drop. The 
colormaps indicate vapor density and range from 0 
(dark blue) to the saturated density (bright yellow), 
which are different for the two drops. 
 
The shape of the hexane vapor distribution is relatively 
flat and shows the influence of a natural convective flow 
that is down and radially outward from the drop. This 
behavior agrees with observations from schlieren 
movies of the vapor flow [1,4]. In comparison to the 
hexane (and 3MP) distributions, the methanol vapor 
distribution extends further up and appears more like 
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the hemispherical distribution that is expected when 
vapor transport is by diffusion alone. Still, considering 
that the molecular weight of methanol (32 g/mol) is 
nearly equal to that of air (29 g/mol), it was expected 
that the distribution would have a more hemispherical 
shape. 
 
With knowledge of the vapor distribution, the gradient 
may be computed in order to evaluate the diffusive flux. 
The diffusive flux was integrated along the surface of a 
control volume surrounding the drop to obtain the net 
rate of diffusion out of the control volume. Figure 2 
shows a cylindrical control volume surrounding a 
methanol drop and the diffusive flux along the surface 
of the control volume. The white arrows indicate the 
magnitude of the diffusive flux (length) and the 
direction. Only the component normal to the surface 
was employed to compute the total diffusive rate from 
the control volume. For a steady-state condition the 
evaporation rate is equal to the sum of the vapor 
transport by diffusion and convection and therefore by 
comparing the diffusion rate to the evaporation rate the 
strength of convection may be inferred. Furthermore, 
by varying the dimensions of the control volume, 
regions where convection and diffusion are high may 
be determined.  
 

 
Figure 2. Diffusive flux along the surface of a control 
volume surrounding a methanol drop. For clarity, the 
flux is shown on half of the control volume. 
 
Figure 3 shows the diffusion rate as a function of 
control volume height and radius. Included in the 
figures are dashed lines indicating the evaporation 
rates computed from the steady-state Laplace equation 
for diffusion-limited evaporation. As may be seen, the 
diffusion rates computed from the vapor measurements 
are much different than what is computed by the 
Laplace equation. In order to account for the measured 
evaporation rates (not shown in Fig. 3), convection 
must be occurring. The results shown in Fig. 3 are 
consistent with a downward and radially outward 
convective flow, even for methanol, though the 
methanol convection appears much weaker than the 
convection occurring in the hexane and 3MP 
distributions. 
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         (a) 

 
        (b) 

Figure 3. Variation of the rate of diffusion as a function 
of control volume dimensions. Fig. 3a presents the 
variation as a function of control volume height and Fig. 
3b presents the variation as a function of radius. 
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Surfactants are widely used in agrochemical 
applications as adjuvants to facilitate the action of 
another substance, the active ingredient (AI). 
Surfactants also provide other benefits such as spray 
drift reduction, surface wettability and formulation 
adhesion enhancement. One of the main reasons for 
using surfactants in agrochemical spray applications is 
to increase the trans-cuticle transport of systemic 
pesticides and plant nutrients. A challenge for the 
agrochemical sector is to produce agrochemicals 
sustainably and to minimize any adverse impact on the 
environment. An important part of this challenge is to 
increase the bioavailability of active ingredients (AIs) so 
as to reduce (perhaps dramatically) the quantity of AIs 
that need to be sprayed on crops.  
 
For systemic pesticides, the surfaces of leaves provide 
an almost impenetrable barrier to AIs so 'adjuvants' are 
added to crop sprays to enhance the passage of the AI 
through the cuticle of the leaf. It is believed that to be 
effective, the AI and the adjuvant have to end up in the 
same place on the leaf surface when a droplet of spray 
dries on the leaf, though firm evidence is lacking [1]. 
We present results on the deposition of a fungicide, 
tebuconazole, onto a model hydrophobic surface 
formed by treatment of a silicon wafer with a 
chlorodimethyloctylsilane. The water contact angle on 
this surface is ~90°. A suspension of tebuconazole was 
prepared with three different adjuvants: one nonionic, 
one cationic and one amphoteric. Printed droplets had 
a volume of 1.5±0.1 nL and were dried in air. A 
high-speed camera was used to follow the drying of the 
droplets. 
 
Scanning Electron Microscopy (Hitachi SU-70 FEG) 
was used to study the morphology of the final deposit. 
The distribution of surfactant and active ingredient was 
studied by energy-dispersive X-ray spectroscopy 
attached to the SEM, which provides an elemental map 
of the sample, and by Raman imaging (modified 
Renishaw Raman microscope) that provides a 
chemical map.  The Raman spectrum in Figure 2 
shows sharp peaks from crystalline tebuconazole 
above 2900 cm–1 overlapping a broader peak from the 
surfacant at wavenumbers below 3000 cm–1. A tunable 
filter was used to create chemical images of the 
surface. 
 

 
In the presence of AI and surfactant, the droplets 
typically pin at the contact line as they dry and exhibit 
convective transport towards the contact line leading to 
the formation of a ring stain of varying width.  Figure 1 
shows an SEM image of a typical deposit formed from 
tebuconazole together with a nonionic surfactant, 
showing that most of the tebuconazole crystals are 
associated with a ’pool’ of surfactant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: SEM image of a whole deposit of a non-ionic 
surfactant at a concentration of 1 g/L with active 
ingredient (upper). A  zoomed-in image (lower). 
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The Raman images in Figure 2 confirm that the 
surfactant is associated with the AI. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Raman spectrum (upper figure) obtained from 
the area shown in the right hand image in Fig. 1 and a 
chemical map of the same area (lower figure): red = 
surfacant; green = tebuconazole. Right-hand image is 
an overlay of the left and centre images. 
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It is well known that droplets containing 
solutes or suspensions of particles do not dry 
on flat substrates to give even deposits.  
Enhanced evaporation at the contact line and 
capillary flows within the drops often lead to 
ring-like deposits, commonly referred to as the 
coffee-ring effect1,2. There are a number of 
reports in the literature of ways of mitigating 
rind stains but they are usually specific to 
certain applications or processes3-6.   
 
The majority of the published literature on 
droplet drying involves either isolated drops in 
the vapour phase or sessile drops on flat 
substrates.  Unconstrained drops on flat 
substrates adopt the shape of a spherical cap, 
so giving the drying problem azimuthal 
symmetry.  In many applications however, 
one wants to define exactly where the drop 
ends up on the substrate or to separate one 
region of fluid from another using physical or 
chemical barriers.  The presence of barriers 
breaks the symmetry of the drying problem 
and modifies evaporation patters across the 
drop and boundary conditions at the contact 
line, both of which modify capillary flows in the 
drying droplet.  As a consequence, fixing 
strategies which give even deposits on flat 
substrates may not be applicable to patterned 
substrates. In order to create fixing strategies 
for patterned substrates we must first 
understand what is causing the deposit to be 
uneven in the first place. 
 
In this work we have imaged the drying of 
picolitre droplets of organic solvents 
contained within square wells defined by 
banks of polymer resist in order to develop an 
understanding of the drying processes in 
constrained geometries.  Interferometry has 
been used to observe the profile of drops 
during drying.  Interferometry measurements 
have revealed that the major cause of uneven 

deposits when printing onto patterned 
substrates is the capillary suction caused by 
negative curvature of the drop once the level 
of fluid drops below the tops of the walls 
defining the wells, if the drying drop is pinned 
at the wall tops.  For fast evaporating drops 
we observed the formation of a raised region 
in the centre of the well towards the end of 
drying. There is evidence for thermal 
Marangoni effects in fast-drying solvents and 
for solutal Marangoni effects in binary 
mixtures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Plot showing the film profile 
progression during drying for a drop of 
dimethyl anisole. 
 
 
 
 
 
 
 
 
 
 

Time 



3rd International Conference on Droplets  
University of California Los Angeles, USA, July 24th to 26th, 2017 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Plot showing the film profile 
progression during drying for a drop of 
dimethyl anisole. 
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The maximum spreading diameter of complex fluids 
droplets has been extensively studied but with much 
debate. This research focuses therefore on a new 
aspect, the bulging outer rim observed on the final dried 
pattern of blood droplets. Correlation is made between 
the inner diameter, the maximum spreading diameter 
and the impact energy. This shows how the drying 
mechanism of a blood drip stain is influenced by the 
impact energy, which induces a redistribution of red 
blood cells inside the droplet. An empirical relation is 
established between the final dried pattern of a passive 
bloodstain and its impact energy, yielding a possible 
forensic application. Indeed, being able to relate 
accurately the energy of the drop with its final pattern 
would give a clue to investigators, as currently no such 
simple and accurate tool exists. 
 
A lack of adequate scientific validity in some of forensic 
methods has been pointed out (K. G. de Bruin, 2011). In 
order to prevent wrong convictions due to doubtful 
interpretation of forensic evidence, some governments 
are currently strengthening and promoting a more 
rigorous approach to forensic science. In this respect, 
the study of bloodstains is divided into three categories, 
passive, altered or projected blood spatters. We focus 
here only on passive traces by examining links between 
the final pattern and the nature of an impact of a drop 
dripping naturally. Indeed, the effect of gravity on a 
blood mass induces the mass to release droplets which 
will next travel through the air while retaining a spherical 
shape due to surface tension. The drop then impacts a 
surface at an angle of 90°, a circular stain is induced. 
The present work is devoted to cases of blood droplets 
dripping only due to gravity, without any initial velocity. 
Initial kinetic energy would modify the final impact 
energy, and it would then not be possible to recalculate 
the initial height of fall. 
 
To test different impact energies, we used sixteen 
different heights of fall ranging from 0.6 cm to 152 cm 
and two needle diameters, a first one of 25G (0.5080 
mm in diameter) and a second one of 18G (1.219 mm 
in diameter). For each case we repeated the experiment 
twice. The substrate used was wood flooring since it is 
a substrate encountered very often on crime scenes. 
The droplets were released into a humidity of 30 +/- 5 % 
on average and were then left to dry in a glovebox 
(Jacomex T-Box, V=350L) at a constant humidity of 30 
+/- 2%. To record the impacts of droplets, we used a 
high-speed camera (Fastcam-ultima 1024). To measure 
the volume of the droplet, the initial diameter of the 
droplet, its speed at the time of the impact, and its 

maximum spreading diameter we used the software 
imageJ to analyze the pictures recorded with the high-
speed camera. After drying, one droplet for each 
different case was then scanned with a confocal 
microscope (STIL - Micromesure 2, with two different 
optical sensors: 4000m CCS prima n2 and 150m CCS 
prima) in order to obtain the 3D profile of the dried 
droplets. Scans lasted on average 5 hours. A final 
picture of the dried droplet was then taken with a camera 
(Canon EOS 7D digital camera, resolution: 5184 x 3456 
pixels). 
 
The aim of the research is to find the relationship 
between the final observed pattern and its velocity, U, at 
the time of the impact. To do so, we choose to first 
validate our data with two already existing spreading 
models for droplets. The approach of N. Laan et al. 
(2014) presented in figure 3 relates capillary, viscosity 
and inertia forces according to J. Eggers et al. (2010) 
approach. In order to do so we quantitatively relate the 
maximum spreading diameter to the impact velocity 
which takes into account that energy conservation is the 
only physical principle required to explain droplet 
spreading behavior. This model uses 
the following Pade's approximation: 

  
with another impact parameter P = We.Re-2/5 and the 
fitting constant A = 1.24. The approach describes the 
correlation that exists between the maximum diameter 
of the spreading droplets and the velocity for a non-
porous substrate. However, in order to find the impact 
velocity from the final pattern, it is necessary to 
determine the original volume of the droplet. Moreover, 
this model is not applicable at low Reynolds and Weber 
numbers as can be seen in Fig. 1. 
 
After drying we observed that on the final pattern of 
dried droplets, a circular bulge was visible around its 
rim. Additionally, these visual observations reveal that 
the width of the bulging outer rim, corresponding to the 
distance between the inside diameter and the maximum 
spreading diameter of the droplet, varies depending on 
the impact energy. This bulging outer rim seen on the 
final pattern is the biological deposit that forms during 
drying due to the internal flow driving the RBCs to the 
periphery of the droplet, which corroborates our 
previous assumption that the internal flow is modified by 
the impact velocity. The 3D prole visualization of the 
dried bloodstain was used to characterize the peaks 
marking the rim dimensions in a radial cross section. 
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Thus we were able to record the internal diameter of 
each droplet by averaging its measurement in different 
radial cross-sections, and comparing it to photographic 
analysis. 

 
Fig. 1. Rescaled maximum spreading ratio as a function of 
WeRe-2/5 according to solution proposed by Laan et al. for 
maximum spreading diameters of droplets on solid substrates. 
 
We expressed both diameters as spreading ratios, β1 = 
D1/D0, and β2 = D2/D0, with D0 being the initial diameter 
of the droplet, as function of the impact velocity U as 
shown in figure 2a.  

 

 
Figure 5. a) Maximum spreading ratio as a function of U in 
red, and its fitted function. Internal spreading diameter as a 
function of U in blue, and its fitted function. b) Calculated 

impact velocity using final versus measured impact velocity. 
 
The first approximation function in Fig. 2 which relates 
β1 to U is given by: 

 

with a = 2.34 and b = 0.374. This is obtained by means 
of a least-square fit (R2 = 0.960). The second 
approximation function relating β2 to U is: 

 
with c = 1.66 m and d = 0.487, also obtained by means 
of a least-square fit (R2 = 0.966). We assume that these 
evaluated constants are substrate-dependent and 
correspond to the wooden flooring used during our 
experiment. The internal natural convection of the drop 
is thus widely influenced by the impact energy at the 
time of the impact. Indeed, the impact velocity of the 
droplet changes its internal mechanical properties. Thus 
this accumulation of biological elements at the edge of 
the droplet leading to the bulge formation gives us a new 
feature that can be exploited to find information on the 
initial state of the falling droplets. To do so we can 
calculate the initial velocity U from both fitted functions 
3.2 and 3.3 by correlating them together such as the 
obtained expression for the velocity is: 

 
As demonstrated, there is a correlation between the 
width of the bulging outer rim and the impact energy, 
which is observed when measuring D2 and D1. The 
drying pattern of a deposited blood drip stains is already 
well explained as well as the maximum spreading ratio 
of dripping blood drops. However, this new parameter 
enables us to understand how the observed final pattern 
is influenced by the kinetic energy of a blood droplet at 
the time of the impact and how can it be exploited in 
forensic applications. Indeed, by measuring the internal 
diameter of a dried droplet after impact, we have 
quantified their influence of the impact velocity on the 
internal ow of a drying blood droplet. This kinetic energy 
provokes the RBCs distribution to be more evenly 
spread inside the droplet, as an increase of the internal 
diameter ratio is measured respectively with an increase 
invelocity. 
 
Acknowledgements. We would like to thank the volunteers 
who gave their blood and the nurse who sampled this blood. 
This work received a _nancial grant from the French Agence 
Nationale de la Recherche in the frame of the project ANR-13-
BS09-0026. Also, this work has been carried out in the 
framework of the Labex MEC (ANR-10-LABX-0092) and of the 
A*MIDEX project (ANR- 11-IDEX-0001-02), funded by the 
Investissements d'Avenir French Government program 
managed by the French National Research Agency (ANR). 
 
References 
 
K. G. de Bruin, R. D. Stoel, J. C. M. Limborgh 2011 Improving 
the point of origin determination in bloodstain pattern analysis. 
Journal of Forensic Sciences 56 (6), 1476-1482. 
N. Laan, K. G. de Bruin, D. Bartolo C. Josserand & Bonn, D. 
2014 Maximum diameter of impacting liquid droplets. Phys. 
Rev. Applied 2, 044018. 
J. Eggers, M. A. Fontelos, C. Josserand & Zaleski, S. 2010 
Drop dynamics after impact on a solid wall: Theory and 
simulations. Phys. Fluids 22 (062101). 



3rd	International	Conference	on	Droplets	
University	of	California	Los	Angeles,	USA,	July	24th	to	26th,	2017	

 

How drops start sliding over solid surfaces 

Nan Gao1,2, Florian Geyer1, Dominik W. Pilat1, Sanghyuk Wooh1, Doris Vollmer1, Hans-

Jürgen Butt1, Rüdiger Berger1 

1 Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany 

2 Future Industries Institute, University of South Australia, Adelaide, Australia 

E-mail: butt@mpip-mainz.mpg.de 

 

It has been known for more than 200 

years that the maximum static friction force 

between two solid surfaces is usually 

greater than the kinetic friction force. In 

contrast to solid–solid friction, there is a 

lack of understanding of liquid–solid 

friction, i.e. the forces that impede the 

lateral motion of a liquid drop on a solid 

surface. We demonstrate that the lateral 

adhesion force between a liquid drop and 

a solid can be divided into a static and a 

kinetic regime. This striking analogy with 

solid–solid friction is a generic 

phenomenon that holds for liquids of 

different polarities and surface tensions on 

smooth, rough and structured surfaces.  

 

Talk preferred 
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Liquid lipid nanocapsules (LLNs) are colloidal systems 
consisting of a liquid lipid core surrounded by an 
amphiphilic protective shell [1]. LLNs constitute a new 
generation of nanoparticles with a higher degree of 
biocompatibility and versatility, especially when they 
are prepared with natural materials that possess the 
biocompatibility, biodegradability, and non-toxicity 
required for use in humans. In the desing of the LLNs 
and in order to its stabilization, the protective shell is 
projected to be formed by hyaluronic acid in 
combination with another bioactive molecules. 
Hyaluronic acid is a natural compound that can be 
potentially used for targeted delivery of drugs on the 
tumour cell through its selective binding to an specific 
receptor, CD44 [2]. However, the interfacial properties 
of hyaluronic acid have not been studied in detail to 
date. In this work we show a detailed interfacial 
characterization of hyalurinc acid adsorbed layers at 
fluid interfaces. The objective is to understand the 
interfacial phenomena underlying degradation and 
stability of LLN with the aim of optimizing the 
preparation and performance of these nanocarriers to 
use via oral.  
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Understanding why a spilled drop of coffee leaves 
behind a ringlike stain after it dries out [1] might have 
been a matter of academic curiosity at first. However, 
soon, it was found that the lessons learned from 
studying the so-called ‘coffee-ring’ effect and 
phenomena related to it have important implications in 
ink-jet printing ordered structures via the evaporative 
self-assembly technique (see Ref. [2] and references 
therein). This has motivated many researchers to 
investigate mechanisms underlying the deposition of 
nonvolatile solutes in evaporating sessile drops [3-44]. 
A review of recent studies can be found in [45]. 

The majority of investigations to date have assumed (or 
concluded) that the particle deposition is a consequence 
of the evaporation-induced bulk flow transporting 
particles either directly to the substrate or to a pinned 
contact line. By contrast, fewer studies have considered 
that the bulk flow carries particles to an inevitable 
intersection with the liquid-gas interface (see, e.g., Refs. 
[3, 4, 12, 20, 28, 32, 33, 36, 42]. Here, we demonstrate 
that this inevitable intersection results from the coupling 
of the receding of the interface with the bulk internal 
flow. We also reexamine the particle deposition during 
the drying of a colloidal sessile droplet (see Fig. 1a) by 
explicitly taking into account the intersection of 
nonvolatile suspended particles with the liquid-gas 
interface. 
 
We propose that upon arriving at the interface the 
particles move with the velocity of the surface, wherein 
the tangential component of the fluid flow carries them 
towards the contact line. This assumption splits the 
transport of solutes into interfacial and bulk. We model 

the interfacial adsorption and transport of particles as a 
one-dimensional advection-generation process in 
toroidal coordinates (see Fig. 1b). We show, perhaps 
surprisingly, that, if the solutes are initially distributed 
uniformly within the drop (the usual case), then their bulk 
concentration remains uniform during evaporation. 
Physically, their capture by the interface is 
counterbalanced by the reduction in drop volume due to 
evaporation. Therefore, the consideration of interfacial 
transport alone is sufficient for determining where on the 
substrate the particles will finally reside. 
 

We numerically solve the transport equation for the 
evolution of particle concentration at the interface. 
Indeed, we find that the results predict ringlike 
deposition patterns and they quantitatively agree with 
available experimental data. These findings raise the 
possibility of an alternative mechanism for the coffee-
ring effect in which the free surface plays an active role 
in the particle deposition. 
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We present an experimental and numerical study of the 
flow inside an evaporating sessile drop of water. The 
drop volume analyzed ranges from 0.3 to 1 microliters 
and the range of footprint radii is from 0.5 to 1 mm. The 
observations of the velocity field are obtained with an 
experimental device designed to monitor the motion of 
tracers at a number of horizontal planes located at 
different heights [1]. We used one micrometer diameter 
latex spheres covered with fluorescein as tracers.  
With image analysis techniques, the transit of individual 
tracers to adjacent planes can also be captured. The 
collections of data are further post processed to 
reconstruct the full three dimensional, three component 
velocity fields.  In this sense, a time-dependent, 
tomographic information of the velocity field inside the 
drop is recorded. A finite-volume numerical method 
coupled with a front tracking strategy is used to solve 
the mass, and momentum conservation equations. The 
boundary conditions at the evaporating upper surface 
of the drop are imposed according to a diffusive 
transport of vapor in the surrounding atmosphere. The 
evaporation model used follows that proposed in 
reference [2]. The results from the numerical simulation 
include the velocity and temperature fields. Details of 
the numerical code can be found in reference [3].  
 
Given the initial volume and the surface tension forces 
in the water-air interface, the shape of the drop after 
deposition is a spherical cap with a contact angle of 
approximately 40º and a maximum height of 250 
micrometers. The time for full evaporation is 
approximately 120 s. Figure 1 shows the position of 
particles in a water drop at an early stage of the 
evaporation process, together with samples of the path 
followed by individual particles (thin white lines). The 
thick vertical arrow indicates the axis of symmetry of 
the drop and the particles at the free surface delineate 
its initial shape. A particle path is constructed by adding 
together the displacements of a particle at two 
subsequent times. It is pertinent to emphasize that the 
particle paths are built with images obtained at 
subsequent times.  The general flow in the horizontal 
planes is mostly radial and the average velocity 
increases in the region close to the substrate. A 
descending flow was found near the center of the 
droplet, with the maximum velocities of 3 micrometers 
per second in the regions close to the axis of symmetry. 
Inspection of the flow in the vertical planes indicates 

that the flow is axially symmetric and thus projecting the 
velocity fields around the symmetry axis gives a picture 
of the general flow. 
 
      

                                     
 
 
Figure 1. Experimentally recorded position of particles 
with sample trajectories. The general direction of 
motion of the red dots is towards the center of the 
droplet while the green ones to the contact line. The 
initial position of the particles that follow the trajectories 
indicated with white lines is denoted with a blue dot. 
The diameter of the footprint of the drop is 1.1 mm and 
the information corresponds to data taken 10 sec. after 
deposition. 
 
 
Figure 2 shows the average velocity field obtained with 
projections of the whole volume of the droplet, at a 
short time after deposition. The general flow in the core 
of the droplet is horizontal and toward the free surface. 
We have observed that there is a small region similar to 
a boundary layer near the surface where the particles 
move toward the axis of symmetry. This feature is not 
shown in Figure 2.   
 
A sample of the numerical simulations of the flow under 
the physical and geometrical conditions similar to the 
experimental observations is shown in Figure 3. In the 
numerical model a time dependent, three dimensional 
problem is considered and the flow is solved inside and 
outside of the drop. As can be appreciated, the 
numerically calculated motion in a two dimensional 
vertical plane inside the drop displays a descending 
trend near the axis of symmetry and radially in the 
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region close to the substrate. These features are in 
qualitative agreement with the experimental 
observations.  
 

 
 
Figure 2. Experimentally observed velocity field in half 
a vertical plane obtained with projections of the whole 
volume of the droplet . Physical and geometrical 
properties of the drop are the same as those of Figure 
1. Also, the color of the particles indicates the general 
motion of the particles with the same color code as in 
Figure 1. 
 
 

   
 
Figure 3. Two dimensional section of the numerically 
calculated velocity field.    
 
The technique reported provides observational 
evidence of the dynamics of the suspended particles 
and is expected to be useful under a variety of physical 
conditions that include suspended particles of different 
geometries, non isothermal flows or flows with 
hydrothermal waves on the free surface of the drop. 
This in turn will contribute to understand the processes 
that drag suspended particles near the substrate and 
the formation the pattern of the deposits.  
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It is well known that colloidal particle deposition on surfaces depends on a number of variables.  In this 
work we explore the effect of nanoparticle composition on particle patterns through the simple process of 
evaporative deposition.  We investigate patterns produced by CeO2, Al2O3, fumed silica and colloidal 
silica nanoparticle solutions on freshly cleaved mica and age-conditioned mica.  The silica particles are 
negatively charged while the CeO2 is closer to neutral and the alumina particles are positively charged.  
The residue patterns are strongly correlated with the type of particle.  Spoke-like patterns are formed with 
colloidal silica, the well-known honeycomb patterns emerge for the ceria and fumed silica solutions and 
the alumina solution gives a more homogeneous deposition pattern.  Additionally, deposition patterns 
from surfactant stabilized graphene nanoparticle suspensions are being investigated. 
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   Digital microfluidics by electrowetting-on-dielectric 
(EWOD) is a simple and compact lab-on-a-chip 
platform expected to miniaturize and automate many 
traditional chemical and biological workflow processes. 
It enables handling of liquids in droplets in open 2D 
space rather than in confined channels using electric 
signals rather than pumps and valves. Small droplets 
can be introduced from a liquid reservoir into the 
EWOD digital microfluidics and transported, split, and 
merged independently and simultaneously, following 
electronic instructions. Over the last several years, 
several biological and medical companies began to 
integrate their assays into digital microfluidics, making 
combination product. Illumina, Inc. integrated its DNA 
library prep kit with digital microfluidic system and 
introduced a combination product (Neoprep) into 
market in 2015 [1]. GenMark Diagnostics [2] has 
developed ePlex system by integrating infectious 
disease testing panel with digital microfluidics. In 2017 
Baebies, Inc. received FDA clearance for its lysosomal 
storage disease newborn screening platform [3], which 
uses digital microfluidics technology for its sample 
preparation. Nanopore has developed a digital 
microfluidics sample preparation module VolTRAX™ 
for its portable sequencer [4]. Sofiebio is developing 
digital microfluidics platforms for synthesizing 
radioactive drugs. Digital microfluidics has become a 
backbone for various new biomedical products during 
the last 2 years and is expected to continue for the 
years to come.  

When the potential is well utilized, we expect not 
just several labs and companies but thousands of 
companies and research labs will benefit from the 
EWOD digital microfluidics. Unfortunately, currently 
even for major companies who let electrical engineers 
build digital microfluidic control system and hire staff or 
make business arrangement to fabricate the digital 
microfluidic chips, it still takes years to establish the 
technology. As described in Figure 1, only a very small 
portion of the people who can benefit from the EWOD 
digital microfluidic technology actually use or plan to 
use the technology.  

 
 
 
 
 
 
 
 
 

 
 

Our motivation to put an effort to developing a 
digital microfluidics starter kit is to lower the barrier of 
utilizing digital microfluidics for researchers. The starter 
kit currently includes (1) control module, (2) universal 
chip socket, and (3) GUI. Similar approach has been 
adopted by Nanopore technology, who introduced 
“VolTRAX Introduction Programme” to researchers. 
Their system includes a portable control system and 
digital microfluidic chips, which integrate heating, 
cooling and magnetic. However, VolTRAX’s system is 
physically fixed, leaving little room for the users to 
reconfigure. The lack of flexibility is problematic for 
researchers who makes their own digital microfluidic 
chips. We are designing our digital microfluidic system 
in the spirit that researchers can reconfigure the system 
to accept various chips, add-on modules and assays 
fitting their own needs.  
 

 
     
 
 
 
 
 
 
 
 

We have developed several control modules over 
the years [5]. Figure 2 shows our latest control module 
with the universal chip socket. The system is in 
dimension of 2.87’’ × 2.25” ×0.7”, small enough to be 
integrated into larger systems while it can also work 
independently as a standalone system. The system 
controls 256 independent channels of high voltage 
signals ranging between 0-300 V and 0-10 kHz in 
rectangular waveform. The whole system is designed 
to be low cost to serve the mass.  

The universal chip socket (shown in Figure 2 left) 
contains 256 Pogo pins that are direct mapping of the 
256 channels in the control module. The socket can be 
attached/detached to the control module at ease. A 4’’ 
wafer can be put into the socket directly without dicing. 
The socket also includes a mechanism which aligns the 
contact pads on the wafer with the pogo pins. To 
maximize the flexibility, the socket can adjust the gap 
between top plate and bottom substrate for the digital 
microfluidic chips.  

The control module communicates with PC 
through USB cable which is also the sole power source 
for the control module. We developed GUI compatible 
with both Windows and Mac OS GUI (shown in Figure 
3). In the GUI, we guide users through the 4 steps: (1) 

Figure 1: Current situation in EWOD digital 
microfluidics R&D 

Figure 2: The universal chip socket with the control module 
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layout, (2) mapping, (3) programming, and (4) 
command. “Layout” step enables users drag and place 
electrode pattern onto a canvas reflecting the actual 
electrode pad layout on their digital microfluidic chip. In 
“mapping” step, user maps channels of control module 
to the electrode pattern. In ”programming” step, user 
pre-defines actuation sequence of the electrode pattern 
as programs. In “command” section, user executes 
actuation sequence, and the control module will actuate 
electrode pads according to the programs. All the 
layout and program can be saved into file and shared 
among users.    

 

 
          
 

   The control module, universal socket and GUI comprises 
the digital microfluidics starter kit. The starter kit was not 
designed to be a final product; rather it was designed to be a 
leverage that boosts more companies and research labs to 
take advantage of the digital microfluidics. After getting 
familiar with the starter kit and taking advantage of it during 
R&D, companies can build their own system as a product 
(shown in Figure 4).  
 

 
 

 
 
   In coming years, we expect to see a surge of demand for 
reliable digital microfluidic chips as more and more 
specialized systems are developed and commercialized. The 
barrier of digital microfluidics is likely against digital 
microfluidic chips rather than control system for major 
companies and research labs. Although our starter kit 
currently does not provide digital microfluidic chips and only 
applicable for those who can make their own digital 
microfluidics, we are planning to add digital microfluidic chips 
in the system eventually.     
 
[1]https://www.illumina.com/company/news-center/press-rele
ases/press-release-details.html?newsid=2018793 
[2]https://www.genmarkdx.com/solutions/systems/eplex-syste
m/ 
[3] http://baebies.com/products/seeker/ 
[4] https://nanoporetech.com/products/voltrax 

[5] J. Li and C.-J. Kim, Proc. Int. Conf. Miniaturized Systems 
for Chemistry and Life Sciences (microTAS), Gyeongju, 
Korea, Oct. 2015, pp. 1199-1201. 
 
 

            Figure 3: Screen shot of GUI 

Figure 4: Digital microfluidic starter kit as a leverage
to boost more spetialized systems 
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The Bio-MEMS research had become an attraction in recent years. Electrowetting-on-

dielectric (EWOD), one of microfluidic systems, has been used for in vitro fertilization culture 

(IVF), shown the feasibility of EWOD chip in biomedical science application [1]. 

 

The experiment is similar to our previous work [2], but reduce the number of fertilized 

embryos in the HTF (Human Tubal Fluid) droplets. This method can reduce the interaction of 

embryo-embryo secretions, improving the reliability of the experiment. 

In our study, the application of EWOD in reproductive medicine is making use of EWOD 

chip as a dynamic culture platform for fertilized embryos. Since the embryos are moving in a 

spiral manner in this process, our digital microchannels are designed as a ring-shaped to imitate 

the fallopian tube, as shown in figure 1. Figure 2 shows the development of embryos from two 

cell to blastocyst stage. The most critical period is the blastocyst stage, which is the best embryo 

implantation period. Because the implantation in the blastocyst stage has a higher pregnancy 

rate. The morula is also the embryo implantation period, so we recorded the morula and 

blastocyst stage embryos. 

In our experiment, we manipulated the HTF droplets with electro-wetting force in an oil 

bath environment to imitate the dynamic movement of the embryos inside the mother. The 

experiments contained three groups, the traditional droplet culture method is taken as the 

experimental control group, the second one is the static culture group on chip without any 

movement, and the third one is dynamic culture group driven by electric wetting force on the 

chip. In the static culture group, the fertilized embryos were injected into equilibrated culture 

medium and placed them in the oil on the EWOD chip. In the dynamic culture group, the 

fertilized embryos were injected into equilibrated culture medium droplet, and the culture 

medium droplet was moved every 5 minutes for two hours to imitate the dynamic process of 

the fertilized embryos moving from the fallopian tube to the uterus, as shown in figure 3. 

 

The chip is fabricated as follows shown on figure 4.The photolithography process was 

used for defining the pattern of electrodes. After that, 450 nm thickness of SixNy was deposited 

by PECVD. Then, SOG was spin-coated on the dielectric and baked at 200℃ for 30 mins, and 

Teflon was coated on the chip and baked at 95 ℃ for 2 hrs. Finally, PDMS ring was bonded on 

the chip as a spacer. 

 

Figure 5 shows the development rate of the embryos on petri dish (control group) and 

EWOD chip (static group and dynamic group). The embryos development rates are 69.4% 

(N=36) , 54.2% (N=40) and 62.5% (N=40) for petri dish, static culture and dynamic culture, 

respectively. The results show the development rate of the static group are lower than the other 

two groups, but the development rate of dynamic culture group is close to the petri dish (control 

group), a little lower than the control group, which indicates that the electro-wetting force is 

harmless to the embryos. This result prove the biocompatibility of EWOD and the potential of 

EWOD chip for delivering biological cells and cells culture. 
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Figure 1: (a) The fallopian tube. The embryos are 

moving in a spiral manner in the fallopian tube. 

(b) A ring-shaped microchannel. Using ring-

shaped microchannel (2-Dimension) to imitate 

the spiral movement of embryos in the fallopian 

tube. 

 

Figure 2: (a) 2-cell stage (b) 4-cell stage (c) 8-

cell stage (d) Morula stage (e) Blastocyst stage. 
The morula and blastocyst stage are the 

implantation period. 

Figure 3: (a) Petri dish culture. (b) Using EWOD 

chip for embryos culture. The embryos of 

dynamic and static group were injected into the 

medium on a chip, the medium of dynamic group 

were actuated. 

 

Figure 4: EWOD chip fabrication. (a) An ITO 

glass. (b) Photolithography process. (c) 450 nm 

SixNy was deposited by PECVD. (d) SOG was 

spin-coated on the dielectric layer. (e) Insulating 

tape bonding. (f) Teflon was spin-coated on the 

SOG layer. (g) Bonding PDMS ring as the spacer. 

 

Figure 5: The development of the embryo on 

EWOD chip and petri dish. The red line, green 

line, purple line are development rates for petri 

dish, EWOD for static culture and EWOD for 

dynamic culture, respectively. 
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Drops on  typical surfaces exhibit contact angle 
hysteresis due to heterogeneities present on the solid 
surface that pin the contact line. A surface is often 
considered to have low hysteresis when it is less than a 
few degrees. Delmas et al. showed that structural 
defects as small as 1 nm can produce a contact angle 
hysteresis [1], demonstrating the difficulty of producing 
a pristine surface with no contact angle hysteresis.    
 
In a recent study, we showed that short chains of 
polydimethylsiloxane (PDMS, polymerization index 
126) irreversibly adsorbed on silicon can reduce the 
contact angle hysteresis to 0.1° or below. We observed 
that this occurs for liquids that are good solvents of 
PDMS and postulated that in this case the polymer 
layer is swollen, yielding a liquid-like surface capable of 
self-smoothing and hiding defects on the underlying 
solid [2].  
 
In this study, we investigate the role of such a swollen 
layer when structural defects are present on the 
underlying surface. To do this, we prepare samples 
coated with PDMS or with Octadecyltrichlorosilane 
(OTS). OTS forms a self-assembled monolayer and 
does not swell in the presence of liquid, therefore 
serving as a control surface. Defects of known size, 
shape and density are prepared by high-temperature 
sintering of silica nanobeads. The contact angle 
hysteresis on these surfaces is measured in an 
optimized dip-coating setup, yielding a precision of 
about 0.1°. 
   
Figure (1) shows the normalized hysteresis measured 
using decane or perfluorodecalin as the wetting liquid. 
They are, respectively, good and bad solvents for 
PDMS. Here the hysteresis is defined as H = γ (cosθR - 
cosθA), where γ is the surface tension of the liquid and 
the advancing and receding angles θA and θR have 
been measured at a contact line velocity of 10 µm/s. 
We first note that the contact angle hysteresis depends 
linearly on the defect density for all cases we 
encountered, indicating that our defects are 
independent. Therefore, the slope of the lines shown in 
Fig (1) give the energy dissipated over one defect. In 
the case of a poor solvent, PDMS does not swell and 
the two surfaces yield very similar slopes. On the other 
hand, for a good solvent, the dissipated energy is 
roughly 300 kBT for OTS and only 30 kBT for PDMS. 
We attribute this difference to the smoothing of the 
defect when it is covered by a liquid-like layer (see inset 
in Fig.1). In particular, the maximum slope of the defect 
is reduced, which reduces the pinning force.  

 
In this study we show how a molecular coating only a 
few nanometers thick can indeed hide defects on a 
solid and produce an extraordinarily low hysteresis. We 
also explore the influence of defect shape and size on 
this effect, and compare our measurements to the 
scaling expected for strong, non-interacting defects [3].  
 
 

 
Figure (1): Contact angle hysteresis as a function of 
defect density measured on PDMS-coated surfaces 
(closed circles) and OTS-coated surfaces (open 
circles) with a good (red) and a poor (blue) solvent of 
PDMS. The hysteresis is small: for reference, the full 
scale in this figure corresponds to roughly 1.5 degrees. 
Inset: schematic illustration of a defect and the 
modification of its topography by a liquid-like layer. 
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Linear grooves offer a way to guide droplets passively in a predefined direction. This structure 
modifies droplet morphology and generates elongated droplets. The understanding of the 
droplet volume impact on droplets distortion (length/width) is an important aspect that need to 
be better studied, as linear grooves act as energy barriers that pinned the droplets’ contact line 
to the grooves’ edges1, 2. This distortion is strongly increased with substrate wettability. 
 
Experiments were conducted on silicon substrates. Trapezoidal linear grooves were obtained 
using reactive ion etching technique. The structures3 had similar grooves width (~10µm) spaced 
by ~10µm. Only the grooves heights (hg) were modified between samples. Three structuration’s 
heights have been tested: 0, 247 and 1183 nm.  Thin layers (~100nm) of OMCTSO were 
deposited using PECVD technique on the structured silicon. Wettability was modified by adding 
dioxygen gas during the OMCTSO deposition. Three droplet volumes were evaluated: 1.5µl, 2µl 
and 3 µl. Parallel, perpendicular contact angles, length, width (Figure 1) and height of the 
droplets were determined using a DSA 10 Krüss measuring system.  
 

 
Figure 1: Perpendicular, parallel contact angles length and width of a droplet deposited on linear grooves 

Droplet lengths were similar for smooth and patterned surfaces for contact angles perpendicular 
to the grooves (θ⊥) above ~93° whatever the droplet volume. When the contact angle was 
decreased, the droplet length increased rapidly on the structured surfaces and with droplets 
volume also. Droplets widths differ strongly and their values were lower compared to the ones 
deposited on smooth surfaces. Droplet distortion became lower when droplet volume was 
increased and the energy barriers impact was assumed to be weaker. 
 

 
Figure 2: Droplet a) length evolution versus perpendicular contact angle b) width variation versus parallel contact 
angle 



Contact angles in direction parallel to the groove (θ//) were above 140° when θ⊥ was larger to 
~85° for hg = 247 nm or larger than ~70° for hg = 1183 nm whatever the droplet volume (Figure 
3).  

 

 
Figure 3: θ// versus θ⊥  for different grooves height 

Droplet height is one of the parameter that drives droplet velocities4, 5. For small droplet volumes 
(1.5µL), the difference in height was small for structured surface compared to smooth surface. 
This difference was increased for larger volumes of droplets (Figure 4). 
  

 
Figure 4: Droplet height variation with wettability and grooves height 

The choice of droplet volume would play an important role on displacement of droplets 
subjected to surfaces with wettability gradient.  
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Numerical simulations of water drop impact onto 
hydrophobic surfaces (Wax, Teflon) are carried out 
through usage of Eulerian multiphase model. Volume of 
fluid (VOF) model is used to capture the deformation of 
the water drop interface. Importance of contact angle 
modeling approach and flow regime are shown by 
taking static contact angle (SCA)/dynamic contact angle 
(DCA) approaches and laminar/turbulent flow regimes. 
Two and three dimensional simulations are conducted. 
Validation of the numerical scheme is done by obtaining 
good agreement between simulated results and 
experimental results of [1]. Internal flow of the liquid 
during the process of impact is analyzed, particularly for 
the case of partial rebound. Energy profiles are 
sketched for each case to provide insight on the 
dynamics of impact whether the surface is moving or 
stationary.  
The presence of drop impacts on moving surfaces in 
ink-jet printing, material jetting, spray coating, moving 
spray cooling and internal combustion engines shows 
the importance of such impacts in variety of industrial 
processes. In this regard there exist some experimental 
based research done by [2]–[5]. Outcomes of drop 
impacts on a hydrophobic moving wall (Teflon) were 
classified as partial rebound, deposition and split 
deposition as a function of normal and tangential Weber 
numbers(Fig. 1)[4]. The normal Weber is defined by the 
droplet’s normal impact velocity and the tangential one 
is defined by the surface velocity. 
Two and three dimensional simulations of droplet 
impacts on solid surfaces have been done in a 
commercial CFD package software. Effect of contact 
angle modeling approach was investigated in 2D 
axisymmetric simulations. It was observed that this 
effect can cause a forceful change in the outcome of the 
drop impact rom total rebound to deposition which can 
be noticed by looking into the vortices inside the droplet 
at the receding stage. In three dimensional simulations, 
vortex structures in liquid close to the wall and moving 
contact line, were observed which they reduce the 
speed of the retarding contact line and hence 
decreasing the contact angle and preventing the whole 
drop to detach from the surface for water drop impact 
on stationary wax surface (taken as our validation case, 
see Fig. 2). Graphs of internal flow structure of our 
validation case (Fig.2) together with the energy profiles 
of that impact (Fig.3) were showing that when the drop 
reaches to the maximum spreading diameter (at ݐ ൌ
3.14	 ,ݏ݉ ∗ݐ ൌ ܦ/ݐܸ ൌ 2.96ሻ and , kinetic energy of the 
fluid is low, because vortices are active inside the drop 
hence making viscous dissipation more alive.  Looking 
into energy analysis curve of the validation case right at 
the region of non-moving CL and receding time, it works 

as a reducing mechanism for kinetic energy of the drop 
(see Fig. 3). This creates a phase lag between the time 
at which maximum of the interfacial energy happens 
and the minimum of kinetic energy. Looking to the cases 
for moving surfaces, we observed this phase lag 
decreases as tangential Weber number of the impact 
increases. In case of deposition on Teflon surface these 
two times are matching almost with each other. And 
more increase in inertia would result minimum of kinetic 
energy lagging behind the maximum of interfacial 
energy. In split deposition case, the role of bubble 
entrainment in the first splitting was observed (see Fig. 
5) while later because of high tangential velocity the trail 
of the spreading drop ruptures. The physical and 
numerical models used in this work was sufficiently 
good to resolve the observed phenomena when water 
droplets hits to moving smooth hydrophobic surfaces[4].  

 
Figure 1 - Outcomes of water drop impact on a 
hydrophobic (Teflon) moving wall along with selected 
computational data points. Graph is regenerated from [4]. 
 

 
Figure 2 - Internal flow structure of the reference case. 
Prevention of total rebound in presence of vortex 
structures near to wall can be noticed specially at later 
stages of impact. 
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Figure 3 - Energy profiles extracted from the impact of a 
water drop on a smooth Wax surface. Normal We number 
in this case is 52 (static wall, validation case, ࢚∗ ൌ  (ࡰ/࢚ࢂ

 

 

 
Figure 4 - Energy profiles of water drop impacts on 
moving Teflon surface. From top to bottom the cases are 
partial rebound, deposition and split deposition 
respectively. Impact conditions are given in Fig. 1. 

 
 

 

 
Figure 5 - Time evolution of water drop impacts on 
moving Teflon surface. From top to bottom the cases are 
partial rebound, deposition and split deposition 
respectively. Impact conditions are given in Fig. 1. Arrows 
denote the surface motion direction. 
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Droplet impingement phenomenon has many 
technical applications such as surface coating, ink-jet 
printing, rapid spray cooling of hot surfaces, internal 
combustion engines and so on and so forth. There are 
numerous publications about the impact of droplets on 
static surfaces. However, there are few studies on the 
droplet dynamics upon impact on to moving surfaces [1-
4]. In the present study, behavior of droplets on the 
moving superhydrophobic surfaces (θrough= 159.9° ± 5.6, 
θsmooth=166.7±2.9) have been studied experimentally. In 
the experiments, droplets which have different diameter 
and velocity have been generated and impacted on the 
surfaces. Also, surface roughness and the tangential 
velocity of the surface have been changed. Droplet 
motion was recorded by a high-speed camera and from 
the observations regime maps of droplet behavior have 
been constructed as a function of normal and tangential 
Weber numbers. In addition to density and surface 
tension of the fluid and droplet diameter, normal velocity 
which is the velocity of droplet and tangential velocity 
which is the velocity of surface are used to calculate 
normal and tangential Weber numbers.  

It was seen that when a droplet hits to a 
superhydrophobic surface, various types of rebound 
occur depending on the normal and tangential Weber 
number and the surface roughness (Figures 1 & 2).  

If droplet impacts to a smooth superhydrophobic 
surface; 

‐ At low tangential and normal Weber numbers, 
droplet rebounds from the surface.  However, 
increase in the normal Weber number, droplet hits 
to the surface and it creates an upward jet and some 
portion split vertically while rebounding.  

‐ If the tangential Weber number is increased, 
droplets which have either low or high normal 
Weber number rebound. In other words, the 
tangential velocity of the surface suppresses the 
vertical split. 

‐ At the very tangential Weber numbers, droplet split 
from leading edge while the rest rebounds. 

Vertical split with splashing and rebound with trailing 
edge split were rarely observed as shown in Figure 1.  

When the surface roughness is increased; 

‐ At low tangential Weber numbers, droplets which 
has low normal Weber number rebound from the 
surface similar to the smooth surface, but when the 
normal Weber number of the droplets are 
increased, droplet rebounds with splitting from both 
sides and splashing occurs.  

‐ However, if the tangential Weber number is 
increased, outcome changes into rebound with both 

sides split and splashing even at the low normal 
Weber numbers. Similar results can be seen at high 
normal Weber number cases.  

In addition to the smooth and rough surfaces, one 
more superhydrophobic surface which is moderately 
roughly is being prepared to understand the effect of the 
roughness to the droplet behavior completely. Data on 
the surface topology obtained through optical 
measurements will also be provided. 
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Figure 1: Droplet Regime Map for the Superhydrophobic Smooth Surface 

 
Figure 2: Droplet Regime Map for the Superhydrophobic Rough Surface 

 

 
Figure 3: Droplet Behavior at Smooth Surface Wen= 93.91 and Wet=359.55 (Rebound) 

 
 

 
Figure 4: Droplet Behavior at Rough Surface Wen = 94.77 and Wet= 359.72 (Rebound with both sides split and 

Splashing) 
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When a droplet approaches through an immiscible 
liquid to the interface of its identical liquid, it will merge 
with the homophase after the rupture of the thin film. In 
some conditions, the droplet cannot merge fully with 
the bulk liquid at one stage but leaves a secondary 
droplet on the interface. This phenomenon is called 
partial coalescence. Partial coalescence can repeat 
itself many times until the droplet is fully mixed with the 
bulk. This work aims to investigate the drop 
coalescence (both partial and total coalescence) with a 
flat organic/aqueous interface when surfactants are 
present. 
 
The experiments were conducted in a transparent 
acrylic tank with 50mm square section width and 
150mm height. The aqueous phase was placed up to 
50mm from the bottom and the organic phase was 
placed on the top with the same height. Droplets of 
aqueous liquids were generated by injecting the liquid 
into the organic phase through nozzles with different 
inner diameters (0.5mm, 1mm, 2mm). The nozzles 
were fixed at approximately 20 mm above the 
aqueous/organic interface to minimise any variation on 
the droplet impact locations. Shadowgraphy was first 
used to observe the drop interface behaviour during 
coalescence. The observation area was illuminated by 
a backlight fixed at the back of the vessel, while the 
whole process was captured by a high-speed camera. 
The aqueous phase was water-glycerol mixtures with 
different mass fractions including ζ=0, ζ=25%, ζ=35%, 
ζ=42.5%. The organic phase was a 5 cst silicon oil. For 
the surfactant tests, different amounts of Span 80 were 
introduced into the oil with mass ratios, φ, of surfactant 
to oil equal to 0, 2×10-5, 5×10-5, 1×10-4. 
 
The velocity fields inside the droplet were investigated 
with Particle Image Velocimetry (PIV). A laser plane 
with 1mm thickness was generated by a continuous 
laser in the middle of the coalescence cell. For the PIV 
tests of total coalescence, the organic phase was 
Exxsol D80 oil and the aqueous phase was a glycerol 
solution. The concentration of glycerol is set at ζ=80% 

w/w to match the refractive index of Exxsol D80 oil 
(r=1.443 at room temperature) and avoid any light 
distortions. The organic phase for partial coalescence 
was a 0.65cst silicone oil and the aqueous phase was a 
33% glycerol solution with r=1.372 at room 
temperature. For both partial and total coalescence 
tests, the droplets were seeded with 1 µm Rhodamine 
tracer particles. For the surfactant tests, different 
amounts of Span 80 were introduced into the oil phase. 
 
The boundary between partial and total coalescence 
was first presented through an Oh-Bo base phase map 
for both non-surfactant and surfactant systems. For 
small Bo a critical Oh for partial coalescence was 
found. The critical Oh reduced when surfactant was 
introduced into the oil. Correspondingly, the partial 
coalescence area shrunk. The drop ratios ξ at each 
stage of the partial coalescence cascade were plotted 
in a three-regime figure (Chen et al., 2006). In the 
gravity regime, the drop ratio ξ remained about 
0.17-0.30 and was only slightly affected by the 
surfactants. The value of the drop ratio reduced when 
surfactants were present in the inertio-capillary regime. 
For φ=0, the drop ratio could remain 0.50 for a wide 
range of Oh but it decreased to 0.22 when φ was 
increased to 1×10-4. Th epresence of surfactants also 
reduced the range of the inertio-capillary regime. 
According to Martin and Blanchette (2015) the 
decrease of the drop ratio was attributed to the uneven 
distribution of surfactants along the drop surface during 
coalescence. 
 
The velocity fields were then measured with PIV for 
total coalescence. It was found that the surfactant 
promoted the deformation of the interface before the 
rupture of the film. After the rupture, the drop surface 
experienced an oscillation for low surfactant 
concentrations below φ=1×10-4, while the drop surface 
smoothly approached to the finally flat interface for high 
surfactant concentration. For all the surfactant 
concentrations investigated, a pair of counter-rotating 
vortices was observed at the bottom of the droplet 
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which then moved upwards and spread in the droplet. 
However, the presence of surfactants reduced the 
magnitude of the vortices (Weheliye et al., 2017). 
 
Velocity fields were also studied in the partial 
coalescence regime. For φ=0, a daughter droplet was 
observed on the interface after coalescence, while total 
coalescence occurred when φ was increased to 
1.31×10-6. In partial coalescence the vertical downward 
motion of the liquid in the drop after the film rupture 
creates a low pressure area in the meniscus which 
leads to pinch off and the generation of a daughter 
droplet. For φ=1.31×10-6, the rupture points were 
shifted away from the centre. The evolution of vortices 
for coalescence are discussed for different surfactant 
conecntrations. 
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Introduction. Suspensions of solid non-brownian 
particles in a liquid are encountered in various 
geophysical, industrial or biological systems. Whereas 
most of the past studies have characterized the 
transport of particles in bulk flow or the rheology of 
suspensions [1, 2], situations in which the thickness of 
the liquid layer becomes comparable to the particle size 
are less understood. In this situation, the particles are 
able to deform the liquid interface, which leads to 
complex interactions with the interfaces and between 
the particles. 
 
The presence of particles in liquid film of comparable 
size can be especially important for its stability as it has 
been shown to modify the pinch-off of viscous fluid 
during drop formation [3, 4]. Typically, the detachment 
becomes accelerated and depends on the particle 
volume fraction and size. This uncommon situation 
cannot be explained with a classical Newtonian fluid 
approach or classical rheology of diluted suspensions. 
Indeed, the presence of particles perturbs locally the 
thinning of the filament. It then leads to the acceleration 
of the droplet formation compared to the detachment 
observed for a pure fluid. However, the pinch-off is due 
to a 1D flow and more complex situations remain poorly 
understood. In particular, the influence of particles in 
self-suspended liquid films, which constitutes a 2D 
situation, could lead to a modification of its stability [5].  
 
In this study, we consider experimentally a classical 
model system in which a drop impacts at the center of a 
flat target of size comparable to the drop diameter [6]. 
Upon impact the liquid flattens into a self-suspended 
liquid sheet that expands radially. Such experiments 
have been performed with Newtonian and non-
Newtonian fluids to characterize the radial expansion of 
the liquid sheet and its fragmentation into droplets [7, 8]. 
 
Experimental Methods. The generation of the transient 
liquid sheet is based on a method adapted from the 
original experiments of Rozhkov et al. [6]. In our 
experimental set-up, shown in Fig. 1, a drop impacts the 
flat cross-section of a solid cylindrical target of diameter 
dt = 6 mm. The drop of diameter d0 = 3.9 impact the 
trarget with a velocity u0. The drop then spreads into a 
liquid sheet. We record the spreading of the sheet from 
the top using a high speed camera with a macro lens. 
The suspensions are prepared with spherical 
polystyrene PS particles (Dynoseeds) of density ρ≃1058 
kg m-3 dispersed in a mixture of 25%wt glycerol/water 
solution such that the particles are neutrally buoyant. 
We use particles of diameter d = 140 μm that are larger 
than the mean thickness of the liquid sheet.  

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Phenomenology. Two experiments, without and with 
particles, are shown in Fig. 2 and illustrate the dynamics 
of the liquid sheet from the impact of the drop on the 
target at t = 0 ms to the retraction and the atomization 
into droplets after about 10 ms. We observe that the 
geometry of the liquid sheet during the spreading 
satisfies to the cylindrical symmetry of the geometry: a 
thin liquid sheet sur- rounded by a rim extends 
horizontally, suspended in air until it reaches the 
maximum diameter that results from a balance between 
the inertial and capillary effects. As shown on this figure, 
the value of the maximum diameter depends on the 
presence or absence of particles but also on the size of 
the drop and the impactor as well as the impact speed. 
Once the liquid sheet reaches its maximum diameter, 
the film retracts under the effect of capillary forces and 
destabilizes, losing its cylindrical symmetry. We also 
note that during most of the process, especially during 
the recessing phase, droplets are generated. 
 
Spreading. We have systematically studied the effect 
of the 140 µm diameter particles on the spreading 
dynamic of the liquid sheet (Fig. 3). The particles are 
larger than the liquid sheet thickness and are therefore 
subject to capillary force. We observe that, although the 
evolution is similar in all cases, there is a strong 
decrease of the maximum spreading diameter, even at 
low concentrations. A first assumption can be made to 
explain these observations: the increase in viscosity due 
to the addition of particles leads to the change of 
dynamics. 

Figure 1. Schematic of the experimental set-up: a drop of 
diameter d0 impacts the cylindrical target (diameter dt) at a 
velocity u0, leading to the formation of a transient liquid 
sheet of diameter d(t)=2 R(t) 
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To quantify this influence, we performed similar 
experiments using water/glycerol mixture that have an 
effective dynamic viscosity identical to the suspensions. 
The time-evolution of this Newtonian liquid sheet 
illustrate that the increase in viscosity induced by the 
particles cannot account for the differences observed. 
Indeed, for water/glycerol concentrations corresponding 
to suspensions with  f<20%, no difference is observed. 
Therefore, the modification of the spreading dynamics 
is an intrinsic local effect of the particles. Qualitatively, 
the presence of particles larger than the thickness of the 
sheet creates a deformation of the interface that limits 
its expansion and dynamics [9]. 
 

 

We have also measured the resulting droplet size 
distributions for increasing particles concentration. It 
shows that the distributions share a similar trend even if 
they tend to be larger and shift to larger radii as the 
concentration in particles increases. We also notice that 
the larger the concentration is, the less numerous are 
the droplets emitted at each impact and these droplets 
tend to have a large diameter.  
  

 
Conclusion. In this study, we have experimentally 
studied the formation and atomization of a particle-laden 
liquid sheet formed upon impact of a drop on a small 
target. The presence of spherical, neutrally buoyant, 
non-colloidal particles introduces various effects that 
make the dynamics of the liquid sheet different from that 
of a pure liquid. Our experimental results have first 
illustrated the influence of the particles on the spreading 
of the liquid film. We have also investigated the 
destabilization of the liquid sheet and its atomization in 
droplets with and without particles. Our results suggest 
that the particles do not alter the physical mechanism of 
droplet generation, but they modify the mean radius of 
the drops generated.  
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Figure 2. Successive 
pictures showing the time-
evolution of a liquid sheet 
for the liquid (top pictures) 
and a suspension with 
 f=0.35 (bottom) 

Dynamique d’étalement d’un film liquide chargé de particules Troger Anthony

4.4.2 Épaisseur dans le cas des suspensions : effet des particules

Après avoir étudié et montré les dépendances spatiales et temporelles de l’épaisseur de la nappe
dans le cas d’un fluide Newtonien, nous avons voulu quantifier l’effet des particules sur l’épaisseur de
la nappe. En effet, ce qui est vite observable sur les acquisitions à la caméra rapide, est la formation
de clusters de particules. En effet, aux temps courts, les particules sont réparties de manière homogène
dans la nappe puis se regroupent aux temps longs en clusters comme on peut le voir sur la figure 16.

5 mm

t = timpact = 0ms t = 1ms t = 3ms t = 6ms t = 12ms

Figure 16: Photographies montrant l’évolution d’une nappe liquide pour une solution sans particules
(haut) et une suspension à 35% (bas) où le phénomène de clustering est très visible.

Ces clusters peuvent ensuite entrainer une nucléation locale de la nappe par amincissement de
celle-ci. Un exemple de cette dynamique est montré en figure 17.

t=1.15 ms t=2.5 ms t=3.15 ms t=3.40 ms t=4.15 ms

Figure 17: Expansion de la nappe liquide chargée en particule illustrant la formation de clusters
(exemple donné par la flèche rouge) et la nucléation de la nappe induit par l’amincissement du film
entre les clusters (cercle rouge).

Ces clusters de particules drainent du liquide et agissent sur l’épaisseur locale de la nappe. Pour
illustrer ce propos, nous avons choisi d’étudier les variations de l’épaisseur au voisinage des clusters.
Pour observer ces variations nous avons mesuré l’épaisseur de liquide entre deux groupements de
particules de la même manière que précédemment. On peut voir la zone étudiée sur la figure 18(a) et
l’épaisseur de liquide dans ce type de zone pour différentes concentration en particules sur la figure
18(b).

On observe l’effet immédiat des particules sur l’épaisseur du film. En effet, pour une nappe sans
particules dont l’épaisseur est comprise entre 50 et 60 µm, la présence de particules dans la nappe
fait rapidement chuter cette épaisseur entre les clusters de particules à 20 µm pour une concentration
en particules de seulement 3% et à environ 3 µm (soit 94% plus fine que sans particules) pour une
concentration de 35%.

14
Figure 3. Evolution of the rescaled radius of the liquid sheet 
as a function of the dimensionless time t/t for the pure liquid 
and various suspensions. The measurements performed 
with Newtonian liquids of same viscosities than the 10% and 
20% suspensions are also reported. The dotted is the model 
developed in [7] for a Newtonian liquid. 
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In this study, we investigated the pinching-off process 
of vapor bubbles exposed to subcooled liquid in a 
Hele–Shaw cell by carrying out experiments. We 
injected water vapor, generated by a vapor generator, 
through the orifice into a narrow gap region between 
two glass plates that were submerged in a subcooled 
pool of distilled water. From this series of experiments, 
we determined the interaction between a single vapor 
bubble and subcooled liquid in a quasi-two-dimensional 
system. Vapor bubbles passing the Hele–Shaw cell 
were captured by high-speed imaging (Fig. 1).  
 

Figure 2: Experimental apparatus.

experiment. We captured the behaviors of the vapor bubbles using a high-speed

camera from a direction perpendicular to the planes of the glass plates with a

backlighting system.

3. Results & Discussion140

3.1. Vapor bubble behavior

Figure 3 indicates typical examples of the behaviors of the vapor bubbles

injected into the Hele–Shaw cell for degree of subcooling ∆Tsub = (a) 10 K,

(b) 20 K, and (c) 30 K during the growth and condensation processes. All of

the images were taken with a shutter speed of 1/100, 000 s. The time of the145

first frame is defined as t0, and temporal behaviors of the vapor bubbles from

t0 are shown by successive images. The dark area corresponds to the boundary

between the vapor and liquid, the inside of the boundary line corresponds to the

vapor phase, and the outside to the liquid phase. At any degree of subcooling,

the vapor column grows by supplying vapor from the orifice. Once a vapor150

column from the orifice grows enough, a part of the column starts to shrink

to form a neck. Then, a portion of vapor detaches from the column to form

7

 
Fig. 1  Experimental apparatus 

 
 
Ambient liquid around the neck of the vapor bubble was 
entrained into the vapor bubble after its detachment 
from the vapor column. A myriad of droplets were 
formed and scattered upwards inside the vapor bubble 
in the case where the degree of subcooling exceeded 
30 K. These droplets collided with the interface from on 
the inside of the vapor bubble to generate fine 
disturbances. We show that the volume of the droplets 
scattered inside the vapor bubble increases as time 
elapses, that is, these droplets become condensation 
nuclei and accelerate the condensation of the vapor 
bubble. The entrainment of ambient liquid into the 
vapor bubble is substantially enhanced with the degree 
of subcooling, resulting in abrupt condensation of the 
vapor bubble. 
 
We limited our scope to the injection rate of the vapor 
that is low enough in order to prevent disturbances 
because of the high shear on the vapor column 
interface (Fig. 2). This helps us to maintain a rather 
smooth surface of the vapor bubble during the growth 
in the cell. The vapor injected into the Hele–Shaw cell 
grows and then detaches to form a vapor bubble after 
leaving the residual vapor column near the orifice. We 
obtained the following results by varying the degree of 

subcooling from 20 to 70 K under atmospheric pressure. 
During the detaching process, surrounding liquid is 
sucked into the necking part of the vapor column, and 
penetrates the preceding bubble for any degree of 
subcooling. We reproduced the penetrating behavior 
for degree of subcooling ∆Tsub = 20 K, as indicated by 
Kamei and Hirata [1]. 
 

6 Will be inserted by the editor

Fig. 5: Typical example of growing and condensing processes of the injected vapor
bubble through the orifice into the pool of 40 K in the degree of subcooling. Scale
bar in the first frame corresponds to 2.0 mm. Shutter speed is of 1/72, 080 s.

collapse of the isolated vapor bubble exposed to the subcooled pool never takes place
without fine disturbances over the free surface.

We carry out a rough evaluation of the volume of condensing bubble as indicated
by [14,16] in order to make a comparison with the Rayleigh-Taylor-like instability
[13], as well as to illustrate the occurring condition of the instability. The apparent
‘volume’ of the bubble is evaluated by extracting the bubble edge (or perimeter) along
a horizontal pixel line in the obtained images, and integrating the dish along the
vertical axis under an assumption that the bubble shape are axisymmetric. Figure
6 illustrates the condensing processes of the vapor bubble under various ∆Tsub in
order to track the temporal variation of the vapor bubble size. Note that the volume
is normalized by the maximum value Vmax in each time series, and the instance
when V reaches at Vmax is defined as t = 0. In the case of ∆Tsub = 20 K, under
which no disturbances emerge over the free surface in the condensing process, the
volume decreases rather slowly, and no abrupt collapse takes place [6]. In the case of
∆Tsub ≥ 30 K, on the other hand, the vapor bubble exhibits a different manner in
the condensation. Enlarged view of the temporal variation of the bubble volume is
illustrated in the frame (b). Note that the frame (b) does not involve the result in
the case of ∆Tsub = 20 K. The scenario is described in the case of ∆Tsub = 30 K for

 
 

Fig. 2 Typical example of growing and condensing 
processes of the injected vapor bubble through the 
orifice into the pool of 40 K in the degree of 
subcooling [2]. Scale bar in the first frame 
corresponds to 2.0 mm. Shutter speed is of 
1/72080 s. 

 
 
For ∆Tsub ≥ 30 K, the penetrated liquid breaks apart to 
form a myriad of tiny droplets that scatter inside the 
vapor bubble. These scattering droplets collide with the 
vapor bubble interface to produce fine disturbances, as 
reported by Ueno et al. [2]. A downward microjet is 
formed at the same time in the following vapor column 
after the preceding bubble detaches. This jet draws the 
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subcooled liquid to the orifice and the substrate, and 
the supply of fresh subcooled liquid results in the 
removal of the heated liquid from the neighbor of the 
orifice and maintains the low temperature of the liquid 
around the orifice. 
 
The scattered droplets produced during the detaching 
process grow in size as they travel inside the preceding 
vapor bubble to play a significant role as the 
condensation nuclei. This droplet formation and their 
growth trigger the abrupt condensation of the vapor 
bubble for ∆Tsub ≥ 30 K. We proposed the liquid–vapor 
contact-ratio within the preceding vapor bubble to 
discuss the condensation process using a rough 
evaluation of the contribution of the penetrated liquid 
and scattered droplets. The correlation between the 
abrupt condensation to collapse and the ratio is 
illustrated as a function of the degree of subcooling. 
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 The controllable droplets’ mobility on superhydrophobic surfaces is of great significance 

in many engineering applications including self-cleaning and anti-icing surfaces, targeted coating, 

ink-jet printing, microfluidic devices, and biological and chemical detection. However, the origin 

of the retention of droplets on superhydrophobic surfaces, which is generally attributed to the 

surface morphology and material hydrophobicity, still remains vague despite recent extensive 

studies. In this work, we propose a theory to quantitatively correlate the bulk droplet retentive 

force to surface solid structures along the droplet boundary, particularly based on the change of 

droplet energy induced by the exchange of solid-gas and solid-liquid interfaces, and the 

deformation of liquid-gas interfaces. By visualizing the contact line evolution on surface 

structures, we develop a universal model, which can describe droplet retention on 

superhydrophobic surfaces as a function of the structure size, contact line length, and intrinsic 

retention of the surface material. This model successfully predicts the droplet retentive force on 

superhydrophobic surfaces, verified by experiments. Its universality is also verified by 

comparing the predicted and measured values on superhydrophobic surfaces with different 

morphological types (pillar vs pore), a wide range of solid fractions (from 0.03 to 0.99), and 

various intrinsic retentions (different surface materials/coatings). Particularly, transparent 

superhydrophobic surfaces with the different morphological types and systematically varying 

dimensions are fabricated and employed for experiments. Evolutions of droplet boundaries when 

droplets advance and recede are visualized and the densities of contact lines are quantified by 



using a reflection interference contrast microscopy method. According to this visualization, we 

categorize the key factors inducing the droplet retention as, (1) the energy required to exchange 

the solid-liquid and solid-gas interfaces, (2) the energy expended to deform the liquid-gas 

interfaces, and (3) the frictional energy consumed when the contact line slides on solid surfaces. 

By following this basis, the exchange of solid-liquid and solid-gas interfaces and the frictional 

energy consumption can be quantified by the visualization of contact lines. The deformation of 

liquid-gas interface can also be estimated on the basis of energy minimization. This model is 

further applied to predict the droplet retentive forces on superhydrophobic surfaces with the data 

reported by other researches, showing great agreement with their measured results. This study 

offers explanations of droplets’ pinning on natural textured surfaces and provides guidelines to 

engineer synthetic structured surfaces serving customized applications, such as targeted coating, 

ink-jet printing, microfluidic devices, biological and chemical detection. 
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ABSTRACT 

Controlling droplet wetting and evaporation on patterned substrates are of importance in the 

abroad applications of biology, self-cleaning, printing, thermal management, etc. It has attracted 

more attention from the researchers. Hitherto, most strategies about the case of droplet drying on 

patterned substrates for the manipulation of droplet shapes and dynamics are related to the 

surface properties, such as altering the shape, size and density of artificial structures, chemical 

heterogeneity, and hydrophobicity of the substrates. However, the effect of solution for sessile 

droplets on the wettability and the corresponding evaporation modes on patterned substrates has 

not been well reported.   

 

Figure 1: Droplet initial wetting on the substrate with micro-pyramid cavities with an increase of 

the mass concentration of ethanol in water.  

In the study, the water-ethanol binary mixture fluids are prepared by mixing nanofiltered 

deionized water of the resistivity and ethanol, the wetting and evaporation are investigated as the 

droplets were put on the micro-pyramid substrate made from nanoimprinting. The droplet 

mailto:feiduan@ntu.edu.sg
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evaporation is simultaneously visualized from a top view by the optical microscope and two side 

views by the high-speed cameras. The evaporation dynamics and shape manipulation of water-

ethanol mixture droplets are observed on the patterned substrates through varying ethanol 

concentration in water-based solution. The increasing ethanol concentration recovered the 

droplet wetting area from an octagon to a square.  

The initial wetting side ratio increased with an increase of ethanol concentration till the droplet 

cannot be formed.  Different from the pure water droplets on the patterned substrate exhibiting 

three stages over the lifetime, i.e., the constant contact line (CCL) stage, the constant contact 

angle (CCA) stage, and the final mixture stage. The water-ethanol binary droplets experienced 

one more mixed stage between the CCL and CCA stages due to the different depinning times 

along the two line-of sights. Droplets depinned earlier at a higher ethanol concentration. The 

micro-pyramid cavities on the substrate contributed to the nonlinear behavior between the 

volume with a power of two thirds as a function of evaporation time. The present study might 

provide us a possibility to control the droplet wetting area and evaporation on the patterned 

surfaces by simply varying the solution in droplets. 
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Reactions induced by mixing two solutions play a 
central role in chemistry. Most of synthetic reactions 
proceed by mixing one organic and/or aqueous solution 
to another. In order to investigate the kinetics of the 
reactions induced by mixing two solutions, one has to 
wait until the solution turns to be a homogenous 
solution after the mixing. It makes difficult to obtain the 
kinetics of rapid chemical reactions. We approach to 
the rapid reactions by employing a collision of liquid 
droplets. We have so far investigated a droplet-collision 
dynamics of ethanol (EtOH) and water [1,2] and a 
chemical reaction between phenolphthalein and NaOH 
[3]. 
 
On the other hand, the liquid droplets facilitates 
light-emission spectroscopies, such as Raman or 
fluorescence spectroscopies, because the emitted light 
enhances in intensity within the droplet owing to a 
resonance of the light trapped within the droplet. We 
have obtained a Raman spectrum envelope free from 
the resonance condition by scanning the incident laser 
wavelength [4] and obtained the molecular distribution 
in the colliding droplets [2]. A fluorescence 
spectroscopy has been applied to observe the rapid 
chemical reaction induced by the droplet collision [5].  
 
In the present study, we report a dynamics of 
metastable interface, whcih emerges in the course of 
the collision of miscible two droplets. The interface 
dynamics is observed by a simple image observation 
as well as by Raman spectroscopy of the colliding 
drolpets of bisulfate and alkaline which result in sulfate. 
And we found that the interface moves toward the side 
of droplet with less surface tension. 
 
The apparatus employed in this study is shown in 
Figure 1. Liquid droplets were produced by a set of 
piezo-driven nozzles. A white light-emitting diode was 
employed as a strobe light in order to collect a 
droplet-collision image. We employed a second 
harmonic of a Q-switched Nd:YAG laser for excitation 
of the Raman scattering. The emitting light passed 
through a long-pass filter which removed the most of 
the Rayleigh scattering, and divided into two 
components: The transmitted light was allowed to focus 
onto a CCD camera to observe the image of the 
emitting light, and the reflected light was guided to an 
in-house constructed CCD spectrometer to observe the 
spectrum. The image and the corresponding spectrum 
were simultaneously recorded for each laser shot. 
 
Figure 2 shows a collision sequence of water and 1 M 
Na2SO4 aqueous solution droplets of sizes 71 µm (left) 

and 78 µm (right), respectively. The images are shown 
in a center-of-mass frame with the collision velocity 
parallel to the horizontal axis of the images. As seen in 
Figure 1, a contact region is generated as a disk 
between the two droplets after 10 µs from the collision, 
and the disk grows into an oblate shape (30 µs). The 
merged droplets then undergo an oblate-prolate-oblate 
oscillation. Note that the longitudinally or horizontally 
elongated shape in the images corresponds to an 
oblate or a prolate shape, respectively. 
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Figure 1 Schematic view of droplet-collision apparatus. 
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Figure 2 Collision sequence of water (left) and 1 M 
Na2SO4 aqueous solution (right) droplets. 
 
Figure 3 shows colliding droplets of 1 M Na2SO4 and 
ethanol aqueous solutions at the collision times of 80 
and 200 µs. The ethanol concentrations are 0, 0.8, and 
1.6 % for panels a, b, and c, respectively. A clear 
interface is observed in each image, which moves 
toward the ethanol-solution side with increase in the 
collision time. The interface is observed only for the 
prolate-shaped droplets. By comparison of panels a – c, 
on the other hand, one can see that the velocity of the 
interface movement enlarges by the increase of the 
ethanol concentration.  
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Figure 3 Colliding droplets of 1 M Na2SO4 and ethanol 
aqueous solutions at the collision times of 80 and 200 
µs. 
 
The interface movement is likely to result from a spread 
of a droplet with less surface tension on the other one. 
Figure 4 depicts the oscillation with a probable liquid 
flow inside the colliding droplet. As shown with arrows 
in Figure 4, the liquid inside the droplets flows from the 
edge to the interface of the droplet when the droplet 
transforms from oblate to prolate. This flow induces 
shear at the interface of the colliding droplet, because 
the central part of the colliding droplet resist the 
deformation. This results in the interface movement. 
This shear flow at the interface is not significant when 
the droplet transforms from prolate to oblate, because 
the inside flow from the center to the edge is free from 
the resistance of the droplet itself. 
 

Na2SO4 EtOHaq

 
 

Figure 4 Droplet-collision model. 
 
The interface in the oblate droplet, which is not 
observable in the image, is measured by a Raman 
spectroscopy. Figure 5 shows the spectra and 
corresponding images of the Raman scattered light 
emitted from colliding droplets of 1 M H2SO4 and (2 M 
NH3 + EtOH) aqueous solutions. The collision time is 
270 µs, when the colliding droplet is the oblate. The 
Raman spectra consist of HSO4

- and SO4
2- bands, 

which appear at 980 and 1050 cm−1, respectively. The 
Raman images shown as insets indicate that the 
Raman scattering emerges from the laser irradiation 
position and its antipode of the great circle of the 
oblate-shaped colliding droplets. The observation of 
SO4

2- shows that the neutralization reaction between 
HSO4

- and NH4
+ proceeds at the colliding interface of 

the droplets.  
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Figure 5 Raman spectra and corresponding images of 
colliding droplets of 1 M H2SO4 and (2 M NH3 + EtOH) 
aqueous solutions. 

 
The Raman band intensity represents the composition 
of the interface of the colliding droplet. Figure 5 shows 
that the observed sulfate/bisulfate composition 
depends on the ethanol concentration, which indicates 
that the interface position is dependent on the ethanol 
concentration. Figure 6 depicts the interface position 
and its dependence on the ethanol concentration. 
Addition of NH3 and ethanol decreases the surface 
tension of water, whereas addition of H2SO4 increases 
it. Then, addition of particular concentration of EtOH to 
the H2SO4 droplet equals the surface tension of the 
colliding two droplets, where the interface locates in the 
middle of the merged droplet. Otherwise one droplet 
spreads on the other. Experimental results on the EtOH 
concentration dependence support this conjecture. This 
study is particularly important to extend the research to 
the rapid dynamics between two droplets. 
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Much EtOH
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+
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Figure 6 Interface position and its dependence on the 
ethanol concentration. 
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We present a near-equilibrium free energy minimization 
model which describes two thermodynamic properties, the 
osmotic pressure Π and the linear elastic plateau shear 
modulus G'p of concentrated disordered charge-stabilized 
monodisperse droplets experiencing electrostatic 
repulsions [1]. This model incorporates entropic, 
electrostatic, and interfacial (EEI) free energies of 
repulsive droplets in the glassy and jamming regime over 
a wide range of droplet volume fractions φ. The expressions 
of the free energy F incorporate concepts of random close 
packing or critical jamming volume fraction φc ≈ 0.646 for 
monodisperse spheres, allow for droplet deformation 
through a deformation parameter, and account for effects 
of shear strain γ. The EEI model is validated by comparing 
the EEI model to measured Π(φ) and the mechanical 
measurements of G'p(φ) of disordered microscale and 
nanoscale ionic surfactant stabilized oil-in-water (O/W) 
emulsions. The EEI model is also found to describe G'p(φ) 
of similar nanoemulsions containing dissolved 
monovalent non-amphiphilic salt. 
 
Introduction and Model: 
Emulsions, which have wide applications in industry and 
consumer products, are soft materials which consist of 
dispersed droplets of a liquid in another immiscible liquid 
[2]. The droplets are thermodynamically metastable due 
to the work done against the interfacial tension σ in creating 
additional interfaces between the two immiscible liquids. 
Ionic surfactants such as sodium dodecyl sulfate (SDS), 
are added to provide interfacial stability against 
coalescence via short-range electrostatic repulsions. 
These repulsions can even stabilize droplets experiencing 
high Π, which allows the droplets to be concentrated, in 
a disorderly manner, to high φ beyond the critical jamming 
point φc. For emulsions having φ > φc, the interfaces begin 
to deform and give rise to a solid-like elasticity for 
concentrated disordered emulsions [2]. 
 
Elastic properties of concentrated micro- and nano-scale 
monodisperse emulsions have been well measured [3-5]. 
Mason et al. measured Π(φ) and G'p(φ) of macro-scale 
monodisperse SDS-stabilized polydimethylsiloxane 
(PDMS) O/W emulsions [3, 4]. By adjusting the φ into an 
effective volume fraction φeff in an ad hoc manner to account 
for excluded volume contribution by electrostatic 
repulsions, Mason et al. found that Π(φeff) and G'p(φeff) vary 
quasi-linearly as a function of (φeff-φc) and the Laplace 
pressure scale (σ/a). This associated features of 
Π(φeff) and G'p(φeff) to the jamming point of spheres at which 

the interfaces begin to deform [3, 4]. Mason et al. further 
showed G'p slightly below φc resembled that of a 
hard-sphere colloidal glass transition, further highlighting 
entropic excitations are important in describing colloidal 
emulsions [3, 4]. In a later work by Wilking and Mason, 
measurements of G'p(φ) of SDS-stabilized PDMS O/W  
nanoemulsions, which have average radius a < 100 nm,  
showed nanoemulsions can display high G'p for φ well 
below φc [5]. This result highlighted the importance of 
electrostatic repulsions as the droplet radius closely 
approaches the Debye length λD, which is the 
characteristic length scale governing electrostatic 
repulsions.  These measurements highlighted the 
importance of describing EEI terms to accurately describe 
electrostatically repulsive emulsion systems. 
 
Many models [3-9] have been proposed to describe the 
measured Π(φ) and G'p(φ), but two models most pertinent 
to our model are presented. To describe the 
measurements of microscale emulsions, Mason [3] 
proposed a near-equilibrium free-energy minimization 
method, which later appeared in a journal article by Mason 
and Scheffold [8]. In the model, Mason assumed statistical 
averaged structure of disordered concentrated emulsions, 
in which a droplet is surrounded by a cubic arrangement 
of 6 neighboring droplets, to obtain expressions for the 
entropic and the interfacial free energy per droplet, Fent/N 
and Fint/N respectively. The expressions are: 
 Fent/N = -3kBT ln(φc+φd – φ - αγ2) (1) 
 Fint/N = 4πξσa2φd

2 (2) 
where kB is Boltzmann’s constant, T is the temperature, 
φd is a deformation volume fraction arising from weak 
deformations of the droplet interfaces, N is the number 
of droplets in the emulsion system, γ is the shear strain 
amplitude, and α and ξ are dimensionless parameters 
related to shear and configurational effects, 
respectively. The total free energy per droplet F/N was 
minimized with respect to the deformation volume fraction 
φd to obtain the minimized total free energy per droplet F*/N. 
Afterwards, appropriate thermodynamic derivatives, 
given below, were taken to determine Π(φ) and G'p(φ): 
 

 ( ) [ ] *
d d

2
drop tot , 0NV F

φ φ γ
φ φ

= =
⎡ ⎤Π = ∂ ∂⎣ ⎦  (3) 

 
2 2

p drop tot *
d d, 0'G NV F
φ φ γ

φ γ
= =

⎡ ⎤⎡ ⎤= ∂ ∂⎣ ⎦ ⎣ ⎦  (4). 
The free energy minimization approach described G'p(φeff) 
of microscale emulsions well. However, to describe G'p(φ) 
of nanoscale emulsions well, Scheffold et al. [9] showed 
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the inclusion of the electrostatic energy along with the 
consideration of interfacial interactions leads to a good 
prediction of G'p(φ) for both microscale and nanoscale 
emulsions. However, the exclusion of entropic 
considerations prevented G'p(φ) of the glassy regime 
below φc from being described. 
 
Our approach expands on the two prior approaches by 
combining all three energetic contributions together [1]. 
Using the empirical scaling relation deduced by Wilking 
and Mason [5] for SDS stabilized PDMS O/W 
nanoemulsions which is very similar to the exponential 
electrostatic energy of Scheffold et al. [9], we model the 
electrostatic free energy per droplet Felec/N as: 
 Felec/N = 2πa2ψ0

2ε0εr exp(-h/λD) (5), 
where ψ0 is the surface electric potential, ε0 is the 
permittivity of vacuum, εr is the relative dielectric 
constant of the continuous phase, and h is separation 
distance between two droplet interfaces at regions of 
closest approach. From geometrical considerations, 
separation h was found to be: 
 h = 2φc

1/3a[φ -1/3 - (φc + φd – αγ2)-1/3] (6). 
Following the free-energy minimization approach by 
Mason, Π(φ) and G'p(φ) were obtained using equations (3) 
and (4). The calculation was performed numerically using 
the FindRoot function in Mathematica. 
 

 
Figure 1. φ-dependent plateau elastic shear moduli G'p,	in 
units of Laplace pressure scale	σ/a, at T = 298 K for 
uniform microscale and nanoscale 10 cSt PDMS O/W 
emulsions stabilized by 10 mM SDS. From left to right, 
radius a in nm are: 28 (33), 47 (47), 73 (67), 104 (108), 530 
(530) where the values listed inside parenthesis are used 
in the calculation. Data for a < 100 nm came from [5], a = 
530 nm came from [3, 4], and a = 104 nm were measured 
[1] following procedures consistent to those outlined in [3-5]. 
Figure from [1]. 
 
Results: 
Good agreement between the calculated values using the 
EEI model and the measured values of Π(φ) and G'p(φ) was 
found. As shown in Fig. 1, G'p(φ) data, in terms of Laplace 
pressure scale, for 10 mM SDS stabilized PDMS O/W 
emulsions agreed well with the model. To obtain 
agreement, only three parameters (α = 0.85, ξ = 0.15, and 
ψ0 = 270 mV) were optimized while other parameters used 
exactly or closely matched measured or theoretical values 
(a within 10% of DLS measurement, T = 298 K, σ = 9.8 mN/m, 
λD = 3.4 nm, ε0 = 8.85 x 10-12 F/m, εr = 80.1) were used. 

This set of parameters successfully fit through 
experimental G'p(φ) data for 5 different radii, ranging from 
nanoscale to microscale emulsions, and G'p which spans 
4 decades. 
Using the same set of parameters, a good fit through Π(φ) 
for a = 480 nm emulsions stabilized by 10 mM SDS was 
also obtained. Furthermore, the EEI model describes the 
G'p(φ) of SDS-stabilized PDMS O/W nanoemulsions 
which contain modest concentrations of NaCl salt. An 
agreement with the data can be obtained by adjusting the 
value of the surface potential ψ0. Lastly, the EEI model can 
predict dominant regimes of entropy, electrostatic 
repulsions, and interfacial contributions to Π(φ) and G'p(φ), 
which can serve as a guide in designing emulsions having 
desired macroscopic rheological properties. 
 
Conclusion: 
The EEI model is the first model, to our knowledge, which 
connects all three principle energetic terms, entropic, 
electrostatic, and interfacial, that govern rheolgical 
properties of ionic colloidal emulsions. The model 
successfully describes Π(φ) and G'p(φ) over a wide range 
of droplet radii, ranging from nano-scale to micro-scale in 
size using universal set of parameters. The model is also 
capable of describing G'p(φ) of salted emulsions, but 
comparisons to additional experimental data are needed 
to further validate the EEI model over a wider range of salt 
concentrations. The EEI model, nevertheless, serves as 
a useful predictive tool for researchers studying ionic 
disordered emulsions. 
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Symmetries are known to produce degeneracies via 
Noether's theorem, as with the spectrum of the free 
oscillating Rayleigh drop. We study the spectrum of the 
`symmetry-broken' sessile droplet, as it depends upon 
the wetting conditions through the static contact-angle 
𝛼 and the contact-line mobility Λ [2]. Corresponding 
motions are distinguished by a polar 𝑘 and azimuthal 
ℓ  wavenumber pair [𝑘, ℓ] , which is a classification 
scheme inherited from the associated problem for the 
free drop. For the hemispherical (𝛼 = 90∘) base-state 
with fully mobile contact-line Λ = 0, the spectrum is 
degenerate with respect to azimuthal wavenumber, 
consistent with Noether's theorem and the 
fully-symmetric Rayleigh drop. We show that varying 
either 𝛼 or Λ lifts this degeneracy. For certain values 
of these symmetry-breaking parameters, two modes 
may share the same characteristic frequency or the 
classical ordering of modes can be altered [3]. To 
organize and explain the hierarchy of frequencies, we 
construct a corresponding `periodic table of mode 
shapes' from the spectral data using an aufbau 
principle, whereby modes are filled in order of 
increasing frequency. 
 
Many physical systems exhibit a degree of inherent 
symmetry. Noether's theorem, perhaps one of the most 
significant mathematical ideas of the 20!!  century, 
states that symmetries of a characteristic energy 
functional, the Lagrangian or Hamiltonian, lead to 
conserved quantities and equivalently degeneracies of 
the associated spectrum. Only in hindsight have the 
degeneracies of many, now, classical problems in 
physics been attributed to underlying symmetries. 
 
Droplets are fundamental to fluid transport on solids in 
the same manner in which the spectra of the hydrogen 
atom is fundamental to the fields of chemistry and 
solid-state physics. The sessile drop is the canonical 
problem upon which many modern fluid transport 
applications are based. Typical examples include 3D 
printing with relevance to rapid prototyping, 
self-cleansing surfaces for enhanced solar cell 
efficiency, microfluidics, spray cooling for high heat flux 
applications, drop atomization for drug delivery 
(aerosol) methods, and energy harvesting 
technologies, all of which involve the motion of droplets 
on scales where surface tension dominates. By 
organizing the fundamental sessile drop motions, we 
hope to bring a greater understanding to the field and a 
vision set forth by prediction. 
 
Systems with `broken' symmetry need a framework 

around which to organize associated spectra. The 
periodic table of elements is the best example of such a 
structure. Here, all known chemical elements are 
organized into a table by the Madelung rule, an aufbau 
principle that specifies the filling order of atomic orbitals 
by increasing energy level. The structure of the periodic 
table lies at the very foundation of the field of chemistry 
with many modern scientific discoveries attributed to its 
existence. For our problem, we are interested in 
organizing the `broken' states describing the 
characteristic motions of the sessile drop around an 
`aufbau' principle for the frequency spectrum by 
constructing a `periodic table of mode shapes'; a 
classical mechanics analogue to a principal more 
familiar to quantum mechanics. The perspective is 
meant to clarify and elucidate the organizational 
structure. By recasting the governing equations in 
linear operator form, a number of new predictions 
follow immediately, some of which have been 
subsequently observed experimentally [3].    
 
Our results are conveniently framed against those for 
the free Rayleigh drop [1], which has frequencies 
ordered in a discrete spectrum, 
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where 𝑘  is the polar wavenumber, ℓ  the azimuthal 
wavenumber, 𝜎 the liquid/gas surface tension and 𝜚! 
and 𝜚!  are the densities of the interior and exterior 
fluids, respectively. Corresponding mode shapes are 
given by the spherical harmonics 𝑌!ℓ. These theoretical 
results have been verified experimentally for immiscible 
drops [4] and for free drops in microgravity [5]. Note 
that the Rayleigh frequencies (1) are degenerate with 
respect to the azimuthal wavenumber ℓ. We recover 
the Rayleigh frequencies, and the azimuthal 
degeneracy, for hemispherical 𝛼 = 90∘  base-state 
with Λ = 0. This can be attributed to the fact that this 
sub-case exhibits the same symmetry as the Rayleigh 
drop and symmetries are known to produce 
degeneracies via Noether's theorem. We 
systematically `break' this symmetry by varying either 
the i) base-state geometry through the static 
contact-angle 𝛼 ≠ 90∘  or ii) the boundary terms 
through the contact-line mobility parameter Λ ≠ 0,∞. 
 
For certain values of these symmetry-breaking 
parameters (𝛼,Λ), there is the possibility for modal 
crossings, where two modes share the same 
frequency. The hierarchy of frequencies is organized by 
constructing a `periodic table of mode shapes' from the 
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spectral data using an aufbau principle, whereby 
modes are filled in order of increasing frequency. We 
show that the classical ordering of modes can become 
distorted. A number of striking predictions follow from 
the perspective, such as the discovery of a new 
fundamental fluid instability, the `walking instability', 
which can be viewed as a natural result of the 
symmetry-breaking of the Rayleigh drop.  
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Studying the dynamic evolution of an out-of-equilibrium 
droplet into a liquid film on a wetting surface has 
enabled  significant progress in understanding droplet 
dynamics. However, because of the difficulty of 
initiating and controlling film formation on a non-wetting 
surface, the reverse model situation of a film evolving 
into a single macroscopic equilibrium droplet has rarely 
been studied. More usually, the study of dewetting has 
involved the break-up of a film into multiple droplets or 
the nucleation and growth of a hole [1-3]. 
 
Recently, we have developed the use of liquid 
dielectrophoresis into an interface-localized liquid form, 
which can induce and control droplet equilibrium 
shapes using a voltage (also called dielectrowetting) 
[4,5]. In the extreme case of an applied voltage beyond 
the threshold needed to initiate complete spreading of a 
droplet, we have shown it is possible to study the 
dynamics of surfactant-free superspreading from a 
droplet into a film [6].  
 
Here we consider how interface-localized liquid 
dielectrophoresis can also be used to initiate a circular 
shaped liquid film on a non-wetting surface. By 
suddenly removing the applied voltage, the film is left in 
a non-equilibrium shape which then evolves back to its 
equilibrium droplet shape on the surface [7]. We find 
the trajectory of shapes experimentally observed during 
axisymmetric dewetting of the film includes two distinct 
types. In the first phase of dewetting the film forms a 
rim with a central dimple, and the rim retreats at a 
constant speed determined by the final equilibrium 
droplet contact angle. In the second phase of 
dewetting, the rim joins up across the film rapidly 
leading to an out-of-equilibrium spherical cap shape. 
This spherical cap chape then relaxes back to the 
droplet equilibrium shape following exponential laws in 
time for both contact radius and contact angle. 
 
To support our experimental observations we have 
performed Lattice-Boltzmann simulations of the 
dewetting process. These confirm that the formation of 
a rim with a dimple is independent of the precise initial 
starting side-profile shape of the film. We also 
developed a hydrodynamic theory (following ref [8]) 
explaining the dewetting dynamics of the rim and 
dimple. Hydrodynamic theory was also developed to 
explain the long time exponential approach to 
equilibrium of the spherical cap. The simulations and 
theory reveal a local dewetting mechanism driven by 

the equilibrium contact angle, where contact-line slip 
dominates the dewetting dynamics. 
 
Our studies show that the dewetting process sharply 
contrasts with the process of wetting from a small 
macroscopic droplet into a liquid film, which proceeds 
by a sequence of spherical cap droplet shapes.Our 
results are relevant to a wide variety of dewetting 
situations, such as drop rebound, condensation and 
evaporation. Finally, we discuss how our experimental 
work can be extended to consider the dewetting 
process for a liquid film displacing a second immiscible 
liquid phase, and to induce and study the dewetting of 
films of prescribed initial shapes. 
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Transporting droplets in a controllable and energy 
efficient manner is important for a range of applications 
including flow, water collection and microfluidics. The 
Leidenfrost effect has received renewed interest for its 
ability to levitate and directionally transport droplets 
with low friction [1,2]. In our previous work, we have 
shown how this can be used to create a heat engine, 
which also acts as a mechanical engine [3]. However, 
the substrates are usually uniformly heated to a 
constant and high temperature. This requirement for a 
significant input of energy is a serious limitation on the 
application of the Leidenfrost effect to low friction 
droplet transport. 
 
In this work we report an approach to activating the 
Leidenfrost effect in both a spatially and temporally 
localized manner thereby significantly reducing the 
energy input required [4]. In our approach we 
selectively trigger Leidenfrost levitation of a droplet by 
the application of a voltage to micrometer-scaled 
serpentine shaped heating units, which have been 
microfabricated on the substrate in groups to create 
voltage addressable heating arrays. We demonstrate 
that the heating arrays are able to generate a 
Leidenfrost effect transition for droplets of isopropanol 

(LV∼20 mN/m), acetone (LV∼28 mN/m), and deionized 

water (LV ∼72 mN/m).  
 
To support the experimental investigation, we 
performed surface thermal analysis using the COMSOL 
Multiphysics software package to model the distribution 
of thermal energy across the substrate. Experimental 
data were compared with the COMSOL simulation 
results for the phase diagrams describing metastable 
levitation of droplets as a function of device designs 
involving a range of heating ratios. Various substrates 
(borosilicate glass and silicon) covering three orders of 
magnitude of thermal conductivity were used to 
determine the effect of the substrate’s thermal 
conductivity on the power needed for the Leidenfrost 
effect to occur. 
 
To provide a proof-of-concept for low friction droplet 
transport and microfluidics, we conducted experiments 
on droplet transport down a tilted substrate with voltage 
addressable heating arrays. In these experiments, four 
heating arrays were used with typically three activated 
and one inactive. In each case, low friction high speed 

droplet transportation (∼65 mm/s) across the activated 

heating arrays on a substrate tilted by ∼7° was 
observed. Droplet motion ceased when the inactive 
electrothermal heating array was encountered.  
 
This proof-of-concept work could be extended to 
include active control of the Leidenfrost effect in the 
specific location and at the specific time required to 
sustain droplet levitation. The microengineering 
approach with a voltage triggered actuation also has 
the potential to be integrated into Lab-on-chip designs. 
The work therefore is relevant to energy efficient 
applications of the Leidenfrost effect, via the spatial and 
temporal localization of heating, and as the basis for 
new approach to droplet microfluidics. 
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Electrowetting is an effective technique to induce a 
droplet to spread on a hydrophobic substrate [1]. 
However, there is a limit to the extent of spreading that 
can be achieved and films cannot be induced. 
Moreover, significant hysteresis usually occurs 
associated with pinning forces at the contact line. 
Recently, it has been shown in the literature that 
completely mobile droplets can be achieved by using a 
lubricant impregnated substrate (or equivalently a 
slippery liquid infused porous substrate) [2,3].This idea 
was recently applied to create a completely reversible 
and tuneable liquid lens with improved transient 
response due to reduced droplet oscillations [4]. 
Limited information on the agreement with theory 
between contact angle and applied voltage was 
provided, and the persistence of a saturation contact 
angle precluded film formation. 
 
In recent work, we have shown that liquid 
dielectrophoresis can be localized to the solid-liquid 
interface to create an analogous effect to 
electrowetting, but based on the force acting on the 
dipoles of a dielectric liquid [5, 6]. This forced 
spreading, which we have called dielectrowetting, can 
achieve partial or complete spreading of a dielectric 
liquid droplet on a non-wetting substrate, including into 
a film state [7]. Here we present data for the forced 
spreading and subsequent retraction of axisymmetric 
droplets into liquid films in air on lubricant impregnated 
surfaces using both electrowetting and dielectrowetting 
[8]. 
 
In the case of electrowetting we observe a complete 
removal of hysteresis for voltages above the saturation 
contact angle voltage. In the case of dielectrowetting, 
the contact angle hysteresis is reduced to less than 4° 
whilst retaining the ability to fully spread a droplet into a 
liquid film. In both cases, the cosine of the contact 
angle retains a quadratic dependence on applied 
voltage, consistent with previous theoretical 
expectations. We show that data for both electrowetting 
and dielectrowetting can be scaled onto a universal 
curve by choice of an initial contact angle at zero 
applied voltage and a threshold voltage for film 
formation extrapolated from each data set. 
 
Our studies show that fully reversible spreading 
encompassing a wide range of partial wetting droplet 
states and a film state can be achieved in air in a 
controllable manner with very low levels of hysteresis 

by the use of lubricant impregnated substrates. Since 
the dielectrowetting approach can achieve reversible 
low hysteresis control between a droplet and a film 
state in air without mechanical parts and in a scalable 
manner, it may be significant for a range of 
applications, including liquid-based optics and 
droplet-based microfluidics. 
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Mechanics of emulsion droplets is crucial in 
applications where the encapsulated payload needs to 
be released under mechanical stimulus. This work 
explores the use of dumbbell nanoparticles as 
emulsifiers with focus on the emergent mechanical 
stability of particle-assembly at interfaces. Using a 
combination of freeze fracture shadow casting 
cryo-scanning electron microscopy and analytical 
modelling, we first investigate the complex adsorption 
behavior of individual dumbbells and the corresponding 
implications for particle-assembly at the interface. 
Using micropipette aspiration, we then investigate the 
onset of mechanical instabilities in droplets stabilized 
by dumbbells. We compare our findings to the control 
experiments of bare droplets and droplets stabilized 
with molecular surfactants under aspiration. In all three 
cases, the magnitude of the critical pressure for the 
onset of instabilities is set by the fluid surface tension. 
While dumbbells have a dramatic impact on the 
mechanism of failure, the mechanical strength of the 
droplets is only modestly increased. This work provides 
experimental handles that can be tuned to aid the 
mechanical stability of emulsion droplets. Our findings 
also inform advances in the mechanics of highly 
bendable sheets. 
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Superhydrophobic surfaces are engineered by 
taking materials with micron or nanoscale surfaces 
roughness and chemically treating them to make them 
hydrophobic.  Because of the hydrophobicity of these 
microscale and nanoscale protrusions, when water is 
brought in contact with a superhydrophobic surface, it 
does not fully wet the surface.  Instead, it remains in 
contact with only the peaks of the surface topology 
resulting in a shear-free air-water interface.  The 
presence of this air-water interface trapped within 
superhydrophobic surfaces are known to mobilize 
drops by reducing contact angle hysteresis and 
reducing drag [1-7].  However, under high static 
pressures, the air-water interface can fail leading to 
transition from the Cassie to the Wenzel stand and a 
loss of drag reduction.  One approach to achieving 
drag reduction at large static pressures is to replace the 
air that fills the gaps of the superhydrophobic surface 
with a low-viscosity, immiscible, incompressible liquid.  
These liquid-infused micro and nanostructured 
surfaces have become very popular recently because 
they have been shown to demonstrate very low contact 
angle hysteresis in droplet dynamic studies and have 
been shown to suppress the ice formation [8].    

In this talk, we present a series of experiments 
investigating the drop impact dynamics on hydrophobic, 
air-infused and lubricant-infused superhydrophobic 
surfaces. To create the superhydrophobic surfaces, 
smooth Teflon (PTFE) surfaces were roughened by a 
240-grit sandpaper. The spreading and retraction 
dynamics on lubricant-infused superhydrophobic 
sanded PTFE surfaces were next investigated through 
high speed imaging. The viscosity of infused silicone oil 
was varied to investigate the effect of the viscosity ratio 
between the impinging droplet and the infused lubricant 
layer. The evolution of the droplet diameter, droplet 
spreading and retraction velocities and the dynamic 
contact angles were measured as a function of time 
after impact.  A time series of droplet impact dynamics 
are shown in Figure 1.  A complete set of data can be 
found in our recent publication, Kim et al. [9, 10]. 

The maximum spreading diameter of the droplet on 
lubricant-infused surfaces was found to increase with 
decreasing viscosity of the infused silicone oil. 
Furthermore, the droplet spreading velocities became 
larger as the oil viscosity was reduced. These 
increases in the maximum droplet diameter and the 
droplet spreading velocities resulted from the presence 
of a finite slip length and the reduction in shear stress at 
the oil-water interface on lubricant-infused surfaces. 
The results for the largest oil viscosity tested were 
indistinguishable from experiments performed on a 

smooth PTFE surface, showing the importance of 
increasing the viscosity ratio between the droplet and 
the infused oil phase to a value as large as possible. 
These differences with oil viscosity were not observed 
in previous studies because the oil viscosity was large 
and the resulting viscosity ratio between the water and 
oil phases was much less one, /w oµ µ ≪1, in all 
cases [11, 12].  This point is reinforced by a scaling 
analysis we derived which was able to collapse the 
maximum diameter data onto a master curve when it 
was replotted as 

( )( )
1/2 1/4

max 0/ 1 / /w oD D t h Weµ µ= ⎡ + ⎤⎣ ⎦  where We is 

the Weber number defined as 2
0 0 /w wWe U Dρ σ=  

Here, wρ  is the density of the droplet, 0U  is the drop 

impact velocity, 0D  is the initial diameter of the droplet 
before impact, and wσ is the surface tension of the 
droplet. 

Interestingly, significant and perhaps non-intuitive 
differences were observed in the maximum droplet 
diameter between the least viscous silicone oil case, 

 

 

Figure 1: Time evolution of an aqueous glycerin drop 
(µ=6cP) impacting on a series of test surfaces at Weber 
numbers of (a) We=52 and (b) We=132. The surfaces 
include: SM-smooth, SHS-superhydrophobic air-infused, LIS- 
lubricant-infused. For the lubricant-infused surface, the 
viscosity of the silicone oil in cP is included following LIS.  
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LIS 5, and the air-infused superhydrophobic surface, 
SHS. At the lower Weber numbers tested, the 
maximum droplet diameter on the LIS 5 was found to 
be larger than that of the SHS even though the 
viscosity of the oil infused into the surface features of 
the LIS 5 was 250 times larger than the air infused into 
the surface features of the SHS case. This was shown 
to be due, in part, to the larger advancing contact angle 
on the superhydrophobic surface. However, it was also 
shown that a significant amount of energy was 
dissipated during the impact of a droplet on the SHS 
due to a wetting transition from the superhydrophobic 
Cassie state to the fully-wetted Wenzel state induced 
by the large pressures produced beneath the drop. The 
presence of the incompressible oil in the 
lubricant-infused surface was found to mitigate these 
losses while still producing slip at the oil-water interface 
thus resulting in a larger fraction of the initial kinetic 
energy available to deform the droplet to a greater 
maximum droplet diameter. As the Weber number was 
increased, the energy dissipation at impact was found 
to grow more slowly with Weber number than the 
energy dissipation during spreading. As a result, at 
We=100, the maximum spreading droplet diameter on 
the superhydrophobic surface was found to surpass the 
lubricant-infused surfaces.  

The retraction rate of the droplet on 
lubricant-infused surfaces was also found to increase 
with decreasing lubricant viscosity. The retraction rate 
on the LIS 5 approached that of the SHS, however, a 
significant difference in the time between reaching 
maximum diameter and beginning of the retraction was 
observed between the LIS 5 and the SHS. Once the 
droplet reached the maximum deformation, the motion 
of the droplet was observed to pause as the contact 
angles decreased from the dynamic advancing to the 
dynamic receding contact angle. Because the dynamic 
contact angle hysteresis on the SHS was extremely low, 

5Hθ = o, the observed delay time was quite small, tdelay 
< 5ms. However, even though the static contact angle 
hysteresis on the lubricant-infused surfaces were all 
similar to the SHS and less than 4Hθ < o, the contact 
angle hysteresis observed during spreading were all 
found to be much larger than the static case, 25Hθ > o. 
As a result, an increase in contact angle hysteresis and 
delay time was observed with increasing oil viscosity. 
Variation in contact angle with spreading velocity is 
known to occur due to viscous losses near the moving 
contact line. 

Using the data from the droplet impact experiments, 
the first ever measurements of the dynamic advancing 
and dynamic receding contact angle were made for 
liquids spreading on lubricant-infused surfaces. The 
advancing contact angles on the smooth surface and 
both the LIS 14 and LIS 100 surfaces were found to 
increase with increasing capillary number. Furthermore, 
the advancing contact angles on the surfaces were all 
found to follow the expected Cox-Voinov-Tanner laws, 

3
A Caθ ∝ . However, the onset of growth in the contact 

angle was delayed as the viscosity of the lubricant was 
decreased. The dynamic advancing contact angle on 

the LIS 5 surface did not follow the expected scaling 
laws, but instead showed little to no growth in the 
contact angle with increasing capillary number. This 
behavior was similar to our observations for droplet 
spreading on superhydrophobic surfaces and is known 
to be a result of the large slip length and reduced shear 
stress near the moving contact line [13]. Similar 
observations were made for the dynamic receding 
contact angle which was found to decrease with an 
increasingly negative capillary number. Note, however, 
that the receding angle appeared to be more sensitive 
to lubricant viscosity than the advancing angle. These 
differences are the driving force behind the increase in 
observed dynamic contact angle hysteresis with 
increasing oil viscosity. Although these measurements 
are an important beginning, forced wetting experiments 
over a wider range of capillary numbers are needed to 
fully understand the dynamic wetting process on 
lubricant-infused surfaces. 
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Lipid vesicles have recently found widespread use in 
applications such as softening of paper and textiles. 
The mode of treatment in these applications typically 
involves the spraying of aqueous vesicle dispersions 
onto dry porous substrates. The wetted porous 
substrate is subsequently dried via evaporation of the 
bulk liquid leaving behind the vesicles deposited on the 
porous substrate. The important factors which 
determine the effectiveness of such treatments include 
(i) the rate at which droplets spread and imbibe on the 
porous substrate, and (ii) the post-drying distribution of 
softening ingredients on the porous substrate. It is 
therefore important to have a good understanding of 
the above processes, and the factors which influence 
them. 
 
In this work, an experimental investigation of the 
wetting of vesicle dispersion droplets on cellulose fiber 
filter papers and the subsequent drying process has 
been carried out. Two different types of vesicles which 
are composed of chemically similar lipids but exhibit 
contrasting bilayer phase behavior have been used. 
The filter papers used have different porosities and 
thicknesses. The wetting of liquid droplets on porous 
substrates which proceeds with simultaneous 
spreading and imbibition is observed using an 
experimental setup as shown schematically in Fig. 1. 
This setup allows simultaneous determination of the 
imbibed area and the drop shape during the drop 
spreading, imbibition and liquid evaporation. A sample 
of images obtained during the spreading and 
evaporation phases, has been provided in Fig. 2(A) and 
(B), respectively. 
 
It is found that the droplet wetting behavior is of the 
"complete wetting" [1] type on Whatman 903, whereas 
it is of the " partial wetting" [2] type on Sartorius 388. 
Furthermore, it is observed that the spreading of 
droplets containing vesicles with liquid-crystalline 
phase bilayers occurs faster than that of vesicles with 
solid-gel phase bilayers. An investigation of the 
subsequent evaporation process reveals that the 
deposited vesicles are localized near the periphery on 
the wetted area, which resembles the characteristic 
"coffee-ring"- like deposition. It is observed that the 
strength of the obtained coffee-ring is dependent on the 
porosity of the filter papers, and the bulk electric 
conductivity of the vesicle dispersion. Larger pores 
result in the formation of stronger coffee-rings. The 
strength of the formed coffee ring is enhanced at high 
bulk electrical conductivity of the liquid. 

 
 

 
 
Fig. 1 : Experimental set-up for the investigation of 
droplet spreading, imbibition and evaporation 
 
 

 
 
 
Figure 2 : Images obtained during the spreading and 
imbibition phase (A), and during the evaporation phase 
(B) of the process 
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The surfaces of many plant leaves are 
superhydrophobic, a property that may have evolved to 
help keep the leaves clean by encouraging the beading 
and rolling of water droplets. While the rolling motion of 
droplets on superhydrophobic surfaces with 
conventional slip lengths has been investigated and 
observed experimentally, the existence of 
slip-dominated regimes on surfaces with sufficiently 
high slip-lengths remains relatively unexplored.  
 
In this paper, molecular dynamics simulations are used 
to investigate the roles of droplet size and surface 
geometry on the subsequent equilibrium velocity of 
droplets travelling down super-hydrophobic surfaces. 
The results are examined using an extension of 
previous theoretical descriptions1 of droplet motion on 
surfaces, where an effective slip condition2 is applied at 
the liquid-surface interface. This approach yields three 
limiting cases for the steady-state velocity of the 
droplets, where energy losses are dominated by 
viscous dissipation, surface friction or contact line 
friction respectively.  
 
We find a distinct droplet size regime where the motion 
of sufficiently small droplets is determined by the 
energy dissipated due to friction at the fluid-surface 
interface, and the subsequent droplet velocity is 
proportional the droplet radius. As droplet size 
increases, we retrieve the usual rolling state where 
droplet motion is dominated by viscous dissipation 
within the droplets. The transition radius is predicted 
using the slip length of the surface. 
 
We also consider the movement of droplets across a 
surface that has controlled wettability.  Simulations of 
droplets on a surface that possessed wettability with 
sinusoidal variations in time and space showed a 
maximum droplet velocity for droplets with radii close to 
a quarter of the wavelength of the wettability gradient.  
Simulation results are presented along with a 
supporting mathematical model.  We discuss the 
implications of our results for the design of microfluidic 
mixers and lab-on-a-ship devices using switchable 
surfaces. 
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An algorithm has been developed to calculate the velocity of a deformable drop moving at small Reynolds 

number through a microchannel that contains a fluid of different viscosity than the fluid that forms the 

drop. A similar problem was studied for a deformable drop between two parallel plates by A. J. Griggs, A. 

Z. Zinchenko, and R. H. Davis [1]. In their case, the drop tended to move to the center of the channel. In 

our case, the drop is freely suspended in a plane T-junction microchannel with sharp corners. Solid sphere 

transport through a T-junction has been previously simulated [2]. Similar to their approach (but with a 

droplet instead of a solid particle in this case), a “moving frame” or computational frame is used to solve 

the 3D problem inside its boundaries, assuming that the cell is large enough so the flow outside it is not 

perturbed by the drop. Outside the computational cell, the fluid velocity is provided by the solution of a 

2D flow without any particle or droplet.  The moving frame is larger than the drop size, and, as it moves 

with the droplet, it is formed by different geometries or boundaries, including the channel walls (where 

the no-slip condition is applied) or the main fluid flux. 

The main fluid flux is divided into the main branch and the side branch. We study different flow ratios to 

determine under which conditions the when the drop enters the side channel, whether it will break or not, 

and if it will become stuck in the microchannel. We expect the drop to deform enough to be able to go 

around the sharp corners with a sufficient clearance. The drop has an initial spherical shape, but the inlet 

channel branch is long enough for it to achieve an equilibrium position at the channel center-plane 

Besides the flow ratio, other variables studied are the viscosity ratio between the drop and main fluid, the 

drop capillary number, and the ratio between the drop diameter and the channel height. Results will be 

presented on drop trajectories and shapes, including conditions for entrance into the side channel and for 

the drop to become stuck or break. 

 [1] Griggs, A. J., Zinchenko A. Z. and Davis R. H. 2007 “Low-Reynolds-number motion of a deformable 

drop between two parallel plane walls”. International Journal of Multiphase Flow, vol. 33:182–206. 

 [2] Zinchenko A.Z., Ashley J.F. and Davis R.H. 2012 “A moving-frame boundary-integral method for 

particle transport in microchannels of complex shape”. Phys. Fluids, vol. 24: 043302. 
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1) Introduction  
 
Liquids with the presence of surface active agents and 
polymers are ubiquitous in nature, industrial 
applications (food, cosmetics, enhanced oil recovery; 
water purification) and emerging technologies (ink jet 
printing). While the addition of polymers complexifies 
the rheological behaviour of the fluids, the surfactants 
alter the interfacial tension properties. Complex fluids 
and surfactants regularly appear in two-phase 
dispersions with other immiscible liquids in modern 
industrial applications. Dispersed flows with 
non-Newtonian liquids and surfactants pose major 
challenges because of the interplay of complex flow 
fields with complex rheology as well as 
breakage/coalescence phenomena. 
The dynamics of coalescence are generally discussed 
through the study of the neck meniscus evolution and 
can be divided in two parts. In the first regime, called 
“viscous regime”, there is a linear evolution of the neck 
in time that results from the local balance between the 
viscous and the interfacial forces and leads to the 
development of a scaling law giving the neck velocity 
V=γ/µ (where γ and µ represent respectively the 
surface tension and the viscosity) [1]. The purpose of 
this work is to investigate the effects on the scaling law 
in the viscous regime when disturbances in the 
interfacial and viscous forces are introduced from the 
addition of surfactant and polymeric chains in the fluids. 
To achieve this purpose, velocity fields within the 
coalescing bodies need to be acquired.  
 

2) Experimental Setup  
 
The studies focus on the coalescence of an aqueous 
droplet with an aqueous-organic (Glycerol-Water, 76% 
v/v- Exxsol D80) flat interface. In the first part of the 
study, a non-ionic surfactant (Span 80) was added in 
the organic phase. Four different surfactant 
concentrations selected below the CMC value were 
tested and the respective interfacial tension was 
measured. In the second part of the study, polymers 
were added into the aqueous phase (Xanthan gum). 
The corresponding rheological curves were obtained 
which showed an increase of shear-thinning behaviour 
with the polymer concentration. Three different 
Xanthan concentrations in the aqueous phase (500, 
1000 and 2000 ppm) have been considered. The 
surface tension value for surfactant concentrated 
solutions is presented in Fig. 1. 
 The coalescence experiments were conducted in a 
vertical Hele-Shaw cell made from two Plexiglas plates 

separated by a 1.25 mm gap. Velocity fields were 
obtained with high speed bright field PIV [2]. 10 µm 
silver coated particles were seeded into the aqueous 
phase and the images were acquired by a high speed 
camera (4000 fps). In order to avoid optical distortion, 
the Glycerol-Water mixture has been chosen to have 
the same Refractive index as the organic phase. To 
distinguish the different phases, blue ink has been 
added into the aqueous phase. 

 
Fig. 1: Interfacial tension values of Exxsol D80 and a 
water/glycerol mixture for different Span 80 
concentrations. The continuous line represents 
Langmuir isotherm equation. 
 

3) Results 
 
It was found that the time evolution of the neck at the 
initial stages of coalescence can be described by the 
linear law developed for pure systems for surfactant 
concentrated solutions but not for polymeric solutions.  
Results showed that for surfactant concentrations 
below the CMC value and for droplet seeding times 
long enough to assume a uniform spreading of the 
surface active agent along the interface, the scaling law 
describing the neck evolution in time [1] did not hold 
true. 

 
 
Fig.2: Dimensionless neck evolution in time. The value 
of surface tension has been as been taken for a double 
concentration of surfactant. 
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The interfacial tension value measured for each 
surfactant concentration has been found too low to fit 
the models provided by the literature. Recent numerical 
work [3] suggested that, in the early stage of 
coalescence, the surfactant concentration were 
basically doubled at the neck. 
Fig. 2 displays the dimensionless neck evolution in time 
by artificially doubling the concentration of the 
surfactant from the constitutive equation provided in 
Fig. 1. Results show clearly the good agreement 
obtained in this way. To the best of our knowledge, this 
can be one of the first indirect proofs of the numerical 
simulation performed in this work [3]. Velocity and 
vorticity fields, computed inside the coalescing droplet, 
show that the effect of surfactant significantly changes 
the interface shape and flow field, while polymers 
mainly increase mixing due the spatial stratification of 
the apparent viscosity. 
The velocity fields obtained guided us to visualize the 
complex structure of the flow during the early stage of 
coalescence. 
 

 
 
Fig. 3: Velocity field of an aqueous phase droplet 
coalescing with a flat interface. 
 
 
Fig. 3 displays the velocity field obtained for a 
coalescing droplet at 2 mm neck diameter. The pattern 
shows clearly that in the small volume located at the 
neck, the flow is a typical extensional flow surrounded 
by four vortices generating shear flow. This complex 
flow structure justifies the potential interlink to the 
complex rheology. Xanthan solutions are known to 
display shear-thinning properties for concentration 
bellow 1000 ppm. Above that concentration, 
extensional viscosity might need to be taken into 
account. Results show that, for Xanthan concentrated 
solution, the neck evolutions is fully governed by the 
high shear rate viscosity value. However the velocity 
map (Fig. 4) clearly shows a significant stratification of 
the shear inside the coalescing droplet. Thus 
stratification displays an effective spatial viscosity 
stratification which has been computed in time for all 
Xanthan concentrated solutions. In a similar way, we 
found that the extensional strain rate computed from 
the velocity field was high enough to take into account 
extensional viscosity for the 2000 ppm concentrated 
solutions. 
 

 
Fig.4: Shear rate measured for a 2mm neck distance 
 
 

4) Conclusion 
 
The work presented here shows the great interest to 
investigate velocity field in the coalescence problem. 
The presence of surfactants showed a huge 
disturbance in interface resistance which changed the 
typical geometric assumption commonly considered in 
modelling efforts. In addition, it has been found that 
locally at the neck, in the early stages of the 
coalescence, the concentration of surfactant was 
doubled. The velocity field measurements allowed us to 
quantify the spatial stratification of the viscosity inside 
the coalescing body for Xanthan concentrated 
solutions. It has been found that locally at the neck the 
effective viscosity was close the highest shear rate 
viscosity value. 
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Superhydrophobic surfaces have become one of the 
major focuses in the field of anti-ice surface 
engineering during the past two decades. Conventional 
surfaces produce complete rebounce when impacted 
upon by a water droplet where its volume influences the 
contact time with the surface [1]. It has been showed 
that the hydrodynamics is significantly altered by the 
presence of macro-strucutures on the surface with 
similar wettability which can reduce the contact time 
[2,3]. The proper design of the surface to produce 
minimal contact time can be extremely beneficial which 
increases the anti-icing potential of the surface.  
 
Existing studies deal with droplet impinging on to the 
surface in the normal direction. However, the droplet 
can crash on the surface at any inclination in a practical 
application. Here, we consider the effect of surface 
inclination (Θ = 15°, 30°, 45° and 60° with the vertical) 
to study the hydrodynamics of a droplet (radius, R0 = 
1.35 mm) under the influence of a macro-ridge which is 
an isosceles wedge shaped structure with base width 
of 1 mm and height of 0.5 mm. We also consider the 
surfaces which are decorated with multiple parallel 
ridges with varying peak-to-peak distance (p = 1 mm, 
1.5 mm and 3 mm). All the impacts are centered, i.e. 
the south pole of the droplet impacts on to the peak of a 
ridge. 
 
During the impact on the surface with multiple ridges 
and peak-to-peak distance of 3 mm, the droplet 
performs a ski-jump from the surface without 
fragmenting (for surface inclinations of 45° and 60° with 
impact velocity, U ≥ 1 m/s) and thereby, reducing the 
contact time as shown in Figure 1. This behavior is not 
observed on any other substrates considered and 
indicates the importance of peak-to-peak distance of 
the ridges to shift the hydrodynamics from 
fragmentation (during impacts in the normal direction) 
to ski-jumping (during inclined impacts). In this regard, 
the probable reasons for the droplet to perform 
ski-jumping will be discussed. 
 
 

 
Figure 1: Image sequence showing the impact of a droplet of 

radius, R0 = 1.35 mm with velocity, U = 1 m/s on a substrate 
with multiple ridges (p = 3 mm) and surface inclination, Θ = 
60° from the vertical to produce ski-jumping. 
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Despite the myriad of experimental and theoretical 
work to date,1–6 the physics governing multi-rings, 
radial spokes and other patterns formed via colloidal 
drop evaporation, especially the stick-slip motion of the 
contact line, is still not well understood.5 The stick-slip 
behavior caused by pinning and depinning of the 
contact line is sometimes attributed to the Marangoni 
flow induced recirculation of the particles at the vicinity 
of the contact line.7 Still others3 have shown how 
stagnation flows are created as a result of the concavity 
shift at the contact line which allows for the particles to 
accumulate at the contact line to enhance pinning. 
Nevertheless, the mechanism driving the ring-to-ring 
spacing of stick-slip-induced evaporation patterns are 
still not well understood. Frastia et al.1 have concluded 
that particle accumulation at the contact line increases 
the local viscosity or the interparticle friction so that the 
deposition pattern and ring spacing changes. In time, 
the local rise in the viscosity at the contact line alone is 
sufficient for creating a self-organized periodic stick-slip 
behavior.1 The effects of particle volume fraction, 
substrate wettability and particle size have also been 
studied to better understand the stick-slip motion of the 
contact line.5,8  
 
In this study, we observe the stick-slip behavior of inkjet 
printed colloidal droplets in-situ via an interferometric 
technique during the entire evaporation process. 
Fluorescence microscopy is used to obtain the particle 
deposition during the stick-slip motion of the contact 
line. Interferometry is used to calculate the local drop 
thickness – obtained via a monochromatic 
interferemetric technique with the fringe-to-fringe 
spacing representative of a height displacement of half 
of the wavelength of the light used for each time step. 
Monodispersed 20 nm polystrene particles with varying 
surface wettability – sulfate-modified (relatively 
hydrophobic at water-air interface) and 
carboxylate-modified (relatively hydrophilic) – in DI 
water are printed using a piezoelectric inkjet printhead. 
 
We used droplets 65 µm in diameter at 0.05 – 0.5 v/v% 
on plasma-treated glass of totally wetting substrates. A 
Phantom v711 with a high-powered LED 445nm 
monochromatic light source was coupled to a Zeiss 
Axiobserver microscope with a 50x objective to obtain 
highspeed recording of the evaporation dynamics at 
5000 fps at a resolution of 1280 × 800. These 
experiments were carried out in ambient temperature of 
22 °C with a relative humidity of 40%. 
 

 
Figure 1: The morphology of the inkjet printed droplets 
measured in-situ via an interferometry technique for an 
evaporating aqueous droplet containing (a) 20 nm 
sulfate-modified polystyrene particles and (b) 20 nm 
carboxylate-modified polystyrene particles on a plasma 
treated glass coverslip for in-flight droplet diameters of 
≈ 65 µm and 0.25% volume fraction. The time fraction 
Δt* ≡ Δt/tf = 0, 0.25, 0.5, 0.75, 0.94, and 0.98 from right 
to left lines in (a) and (b).  
 
 
Figure 1 shows the instantaneous surface profiles of 
inkjet printed evaporating droplets containing 20nm 
sulfate-modified (Fig. 1a) and carboxylate-modified 
(Fig. 1b) particles, respectively, while keeping other 
parameters identical. The symbols are obtained from 
interferometry and the lines are obtained from the 
spherical cap assumpation using the contact angle 
determined from the interferometry data. For both 
cases, the drop evaporation undergoes the constant 
contact area mode (for ~0.25tf), followed by the 
constant contact angle mode for the sulfate-modified 
case and by the mixed mode for the 
carboxylate-modified case. Here, tf is the time at which 
evaporation is completed. It is obvious from comparing 
Figs. 1a and 1b that the contact radius and contact 
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angle for the two cases are very different at the late 
stage of evaporation, where the contact angle for the 
case with carboxylate-modified particles decreases 
more rapidly than that of the sulfate-modified particles, 
indicating that the droplet ability to pin the contact line 
increases with an increase in wettability of the particles. 
 
Figure 2 shows the deposition of 20nm sulfate-modified 
and carboxylate-modified particles with in-flight 
diameter of 65 µm and 0.25% volume fraction for both 
particle suspensions. Both cases form an outmost ring. 
Figure 2a is a multi-ring deposition and Fig. 2b has 
radial spokes with rings (or the so-called spider web 
deposit) which stop at a critical radius of R/R0~0.44.  
 
 

 
Figure 2: Fluorescent images of the inkjet-printed 20 
nm sulfate-modified particles (left) and 20 nm 
carboxylate-modified particles (right). The in-flight 
droplet diameters is ≈ 65 µm and 0.25% volume 
fraction for both particle suspensions.  
 

 
Figure 3: Multi-ring position as a function of evaporation 
time for 20nm sulfate-modified particles and 
carboxylate-modified particles. The in-flight droplet 
diameters is ≈ 65 µm and 0.25% volume fraction for 
both particle suspensions. 
 
 
Figure 3 shows multi-ring position as a function of 
evaporation time for 20nm sulfate-modified particles 
and carboxylate-modified particles for the same in-flight 
drop size and volume fraction. We find that while we 
keep all other conditions the same, the retraction rate of 
the contact line increases with a decrease in the 
wettability of the particles and the faster retraction rate 

increases the ring spacing as shown in both Figures 2 
and 3. The change in the retraction rate of the contact 
line is related to the particle drag as well as the 
wettability at the contact line. We have also obtained 
the thickness and spacing of the rings derived from 
profilometry as correlated to the wettability of the 
particles. 
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The omnipresence of drop impact in both natural and 
industrial processes has led to an abundance of studies 
in various conditions and configurations1-3. The 
macroscopic scale of impacting droplets contains 
complex micro-nanoscale effects at finite times prior to 
contact due to the entrained air film between the droplet 
and the substrate. The air entrainment effects of 
droplets approaching planar surfaces have been 
observed utilizing a number of techniques including 
interferometry and total internal reflection-based 
techniques with recent advances in high speed 
imaging, to produce elegant traces of the entrained gas 
in the micro-nano scale4-7.  
 
Upon contact, the wetting front in drop impact studies is 
stable until the splash threshold is reached for high 
inertia drop impacts8-10(i.e., We≡ρU0

2R0/σ > O(102), 
where ρ is the density of the droplet, U0 the impact 
velocity, R0 the drop radius and σ the surface tension of 
the droplet). In this study, we examine the post-air film 
rupture liquid-liquid contact dynamics upon drop impact 
on a thin liquid film well below the splash thresholds. 
The wetting front of the droplet containing a mixture of 
water and glycerine at 10 ≲We≲ 50 displays 
hydrodynamic instabilities on thin silicone oil films 5 µm 
thick. As the wetting front moves radially outwards, an 
air rim is formed between the droplet and the substrate 
as depicted schematically below in Fig. 1. 
 

 
Figure 1: Schematic of the air rim formed by the 
impacting droplet. 
 
On solid surfaces (besides atomically smooth mica 
surfaces), minute asperities cause random collapse of 
the air film, but on atomically smooth oil films, the air 
film ruptures at the lowest air film thickness, or the 
kink7, provided that the droplet has enough inertia. 
Upon impact, the annular failure at the kink of the air 
film necessitates that the wetting front pushes against a 
column of air which forms an air rim which 
subsequently grows unstable and forms fingers that 
propagates through time, t (Figure 2). The radius of the 
wetting front normalized by the drop radius is plotted 

against time in Figure 3 showing rr ~ t1/2
 scaling up to 

1.8 ms when the wetting stops. The t = 0 is the instant 
when the droplet comes into the field of view of the total 
internal reflection microscopy (TIRM) setup where air 
film thicknesses down to a single nanometer may be 
resolved. This technique allows for a stark contrast 
between the wetted area (black) compared to the 
ambient air. To study the post-air entrainment 
interfacial instability, we have varied the viscosity of the 
droplet and the impacting thin oil film, as well as the 
impact velocity of the droplets, where the parameters 
are tabulated in Table 1. 
 
Table 1: Experimental parameters. 

 Droplet (water+glycerine, w%) 
   0     60    80    85 

Oil Film 
δ

oil
 = 5µm 

µ [mPa s] 1.14 11 49 100 9.30 , 970 
σ [mN/m] 72.1 67.0 65.2 63.9 19.7, 21.2 
ρ [kg/m3] 1000 1142 1198 1213 930, 970 
iR

0
 [mm] 1.05 0.94 0.92 0.91  

U
0
 [m/s]           0.9 – 1.4 

 
 

 
Figure 2: The interfacial instability development for (a) 
droplet viscosity of 11 mPas with a starting time frame t 
≈ 88 µs and time step of Δt ≈ 44 µs (b) droplet viscosity 
of 100 mPas with a starting time frame t ≈ 440 µs and 
time step of Δt ≈ 120 µs. Droplet We ≈ 13 and the oil 
film thickness ≈ 5 µm with viscosity of 970 cP. Scale 
bars are 1 mm and the red dashed lines represent the 
annular liquid-liquid contact. 
 
The instability was directly imaged via the TIRM 
technique. The growing wetted area in time increments 
of 44 µs for droplet viscosity of 11 mPas and 120 µs for 
droplet viscosity of 100 mPas are shown in Figure 2. 
Snapshots at each time steps were superimposed in 
alternating black and gray images to delineate the 
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propagation of the wetting front and the instability 
development. 
 

 
Figure 3: Normalized radius rr/R0 with respect to t. 
Using the same parameters as in Figure 2(b). Data 
points average of three experiments. 
 
As the instability propagates, the rim thickness hmax 
grows between ≈10 – 160 nm until it exits the spatial 
resolution of the TIRM setup beyond ≈160 nm at t ≈ 
0.88 ms. A plot depicting the growth of hmax with respect 
to the rim location relative to the wetting radius, i.e., 
r*=r-rr, is shown in Figure 4.  We find that in order for 
the fingers to propagate, an air rim is always present 
where hmax grows in nanometers in Figure 4 whereas 
the wavelength grows in microns (10 – 200 µm) in 
Figure 2b. 

 
Figure 4: The air film profile h at the wetting front with 
respect to the scaled radius r* with Δt ≈ 80 µs for µ= 
100 mPas. 
 
Figure 2 shows how an increase in viscosity from 11 
mPas in Fig. 2a to 100 mPas in Fig. 2b results in a 
smaller wavelength of the interfacial instability. An 
increase in velocity has shown to have a similar effect 
of decreasing the wavelength. We have also found that 
decreasing the oil film viscosity from 970 to 9.3 mPas 
suppressed the fingering instability, probably due to the 
increased mobility of the air film.  
 

Several instability mechanisms have been investigated 
to describe the finger-like interfacial instability where 
the Rayleigh-Taylor9 and the Kelvin Helmholtz7 
instabilities have been ruled out by an order of 
magnitude argument. However, we find that the 
decrease in the fingering wavelengths with an increase 
the viscosity or velocity qualitatively follows a 
Saffman-Taylor instability where the wavelength 
decreases with an increase in the viscosity difference 
between the air and droplet. We suspect that it is the air 
rim that moves with the wetting front that is unstable 
due to the air pushing against the liquid. The role of 
intermolecular interactions between the drop and the oil 
film in causing instabilities has also been explored. 
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In this work, we investigate the evaporation of levitating 

water-solution droplets in acoustic standing wave with 

the purpose extending the lifetime of the acoustically 

levitated droplets. Handling of liquid droplets by 

ultrasonic fields such as the levitation of liquid droplets 

in air [1-4] has been studied as a mean to investigate 

physical and chemical properties of solutions or pure 

liquid in container-less environment. The present work 

is motivated by our recent experiment in which we 

demonstrated for the first time by the use of the 

acoustic levitation X-ray diffractometer to solve the 

atomic structure of a standard protein sample to 1.8 Å 

resolution at room temperature and at high efficiency 

[5]. 

 

In the acoustic levitation diffractometer, we combine the 

acoustic levitation of single protein crystal in liquid 

droplet, see Figure 1, with a high-frame-rate X-ray 

image detector. Due to the acoustic streaming, the 

crystal in the levitating droplet spins and orbits within 

but can be maintained within the X-ray beam path. 

Owing to the spinning of the crystal, an efficient and 

dense sampling of the reciprocal space is possible with 

a simple setup. The use of the high-frame-rate X-ray 

image detector (in the order of 0.1-1 kHz) allowed us to 

capture Bragg reflection points as if still images were 

captured. This way, we are able to analyze protein 

crystals at room temperature, that opens up a 

possibility to study the structural conformation 

dynamics of proteins at work, when they are in 

physiological condition 

 

For the protein crystallography, it is however crucial to 

maintain the chemical consistency and the temperature 

of the surrounding liquid before finishing the diffraction 

dataset collection. In a typical lab condition (e.g. 

20-40 % humidity at the temperature of 24 ˚C), a 

levitating pure water droplet dries out in about 20 min. 

For the collection of the single dataset for a pristine 

crystal in the order of 1000-3000 diffraction images, the 

experiment can be completed well within 1 min, thus 

the water evaporation does not critically influence the 

quality of the protein. However, to observe the 

structural dynamics of proteins triggered by adding 

chemical agent or illumination, in the order of 1 hour 

scale for the ligand-combination reaction for example, 

the control of the water evaporation is crucial for the 

integrity of experiments. 

 

Accordingly, we report here the methods to control the 

consistency of levitating droplets. In particular, using an 

acoustic levitator operating at ultrasonic frequency (39 

kHz with the corresponding wavelength in air equal to 

~8 mm) enclosed in a compact chamber, that is 

compatible with the X-ray diffraction experiments at 

synchrotron beamlines, we investigated the 

time-evolution of the size and the position of a series of 

droplets in the order of a few µl volume. We used 

glycerol-water solution with the concentration of typical 

Fig.1 Levitation diffractometer for X-ray 
crystallography  
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protein crystallization liquid.  

 

Figure 2 shows the observed relative volume change of 

the levitating droplets with the initial volume in the 

range of 2-7 µl. When the air humidity was 30 % (flow 

off), the pure water droplet dry out in ~20 min. The 

droplet with the glycerol content 20-40 % did not dry but 

the water content appeared to be evaporated in ~20 

min. When we turn on the 100 % humidity air flow into 

the chamber, the volume reduction of the 100 % water 

droplet was significantly slower, but still decreasing. 

This appears to be due to the influence of the rapid 

convective air flow around the levitating droplet by the 

acoustic streaming [1, 6], albeit its spatial stability. 

Interestingly, under the 100 % humidity air flow, the 

volume of the levitating droplet of the 60 % glycerol 

solution increased in time, and gradually saturated at 

~30% additional volume. This manifests the facts that 

the initial fractional water vapor pressure was lower 

than that of the supplied humid air flow, hence the 

droplet absorbed the water molecules instead of 

evaporating those. Similar but opposite phenomena 

was observed for the 20 % glycerol concentration 

solution: the droplet slowly decreased and reached a 

stable condition with the volume decrease of 

approximately 30-40 %. Both results indicate that a 

droplet with the initial concentration of ~40% should be 

stable, as observed in the experiment (blue filled 

squares in Fig 2) for 2 hours.  

 

 

Fig. 2 Volume change of the acoustically levitated 

glycerol-solution-droplet with (filled symbols) and 

without (empty symbols).  

We will report in addition the experimental results for 

the levitating droplet size and concentration by 

environmental humidity control, as well as the influence 

of the humidity control and the levitation power on the 

crystal spinning and orbiting within the levitating 

droplets. 
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The evaporation of a liquid drop on a solid substrate is 
a remarkably common phenomenon. Yet, the 
complexity of the underlying mechanisms has 
constrained previous studies to spherically-symmetric 
configurations. We recently demonstrated [1] detailed 
evolution of thermocapillary instabilities during 
evaporation of hemispherical and non-hemispherical 
sessile droplets and iii) non-hemispherical sessile 
droplets. Rigorous DNS (using our in house TPLS2 
solver [2]) showed for the first time, breakage of 
symmetry and the consequent development of a 
preferential direction for thermocapillary convection. 
This results in counter-rotating whirling currents in the 
drop playing a critical role in regulating the interface 
thermal and fluid dynamics.  
 
We will also present our recent-most investigations of 
well-defined, non-spherical evaporating drops of pure 
liquids and binary mixtures. We deduce a new 
universal scaling law for the evaporation rate valid for 
any shape and demonstrate that more curved regions 
lead to preferential localized depositions in 
particle-laden drops [3]. Furthermore, geometry 
induces well-defined flow structures within the drop that 
change according to the driving mechanism and 
spatially-dependent thresholds for thermocapillary 
instabilities. In the case of binary mixtures, geometry 
dictates the spatial segregation of the more volatile 
component as it is depleted. In the light of our results, 
we believe that the drop geometry can be exploited to 
facilitate precise local control over the particle 
deposition and evaporative dynamics of pure drops and 
the mixing characteristics of multicomponent drops. 
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We introduce a reactive-wetting system in room 
temperature, in which small mercury droplets (150 
micron in diameter) spread on thin silver films 
(thickness 4000 A). Top-view images of the process are 
obtained using an optical microscope. The kinetic 
roughening of the advancing triple line is analyzed 
using scaling concepts and self–affine fractal geometry. 

            
Previous studies showed that the roughness of the 
silver surface has an effect on the kinetic roughening of 
the triple line. In order to study this effect 
systematically, we use lithography to produce silver 
films with 'holes' or 'channels' patterns in various sizes 
(order of a few microns) and a given depth (500 A). 
These patterns represent isotropic and anisotropic 
surface patterns, respectively. We found that the 
scaling exponent which describes the lateral 
roughening of the triple line contour, does not depend 
on the substrate roughness, and its value is about 0.8 
for all silver substrates (smooth surfaces, isotropic and 
anisotropic rough surfaces). However, the bulk 
behavior was different for the anisotropic roughness 
case. The shape of the droplet at the end of the 
spreading process was mostly round for the smooth 
and isotropic rough surfaces while for the anisotropic 
surfaces it was elliptic (the major axis aligned with the 
channel's direction).  
             
The spreading velocity on the smooth surfaces was 
about 4 microns/sec, while on the isotropic rough 
surfaces it was much slower (about 2.3 microns/sec). 
Interestingly, in the anisotropic rough surfaces, the 
reaction front moves faster 'inside' the channels than 
'outside' them. For spreading in the channel's direction, 
this behavior produces 'fingers' shape. For spreading 
perpendicular to the channel's direction, the velocity 
jumps between two values. These two phenomena 
were not observed for the 2 micron channel width – 
which was found to be the lateral correlation length of 
the triple line at our previous studies. The macroscopic 
behavior is explained by the different mechanisms that 
govern the process in various time regimes: at early 
stages, the diffusion and wetting are affected by the 
roughness of the surfaces, while at the final stages, the 
chemical reaction overcomes the roughness patterns, 
resulting in the same scaling exponent for all systems.  
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While the evaporation process of droplets consisting of 
a pure liquid is mainly understood, multi-component 
droplets show in general far more complex evolutions 
during evaporation. This is due to the complicated 
coupling of multi-component evaporation, flow of the 
mixture and possibly also thermal effects.  
Even for binary mixtures, the presence of the second 
component can result in non-monotonic contact angle 
evolutions [1], initial condensation of the less volatile 
component [2] or entrapped residuals of the more 
volatile component at later times [2,3]. Furthermore, 
the flow in the droplet is primarily driven by the solutal 
Marangoni effect. In particular, it has been shown that 
water-ethanol droplets exhibit initially chaotic and 
highly non-axisymmetric flows, followed by a fast 
transition to nearly axisymmetric flow and outward 
radial flow towards the end of the lifetime [4,5]. 
Recently, it has been shown that ternary mixture 
droplets, as the next more general liquid, can show an 
even richer evolution process: By investigating the 
evaporation of an Ouzo drop (ethanol, water and anise 
oil), we have revealed multiple phase transitions, 
where the drop temporarily changes its appearance 
from an initially transparent liquid to a milky-white 
colored emulsion [6,7]. The reason lies in the so-called 
Ouzo effect, i.e. the spontaneous emulsification of oil 
microdroplets once the local ethanol concentration has 
reduced by preferential evaporation below a specific 
threshold. 
 
In our work, we subsequently generalize the 
complexity of the droplet composition from a pure 
water droplet over a binary water-ethanol droplet to a 
ternary Ouzo droplet [5].  
To investigate the evaporation of these droplets in 
detail, we have developed an elaborate numerical 
model based on the finite element method that is able 
to account for all relevant processes [2,5]. The model 
determines the evaporation rates of the components 
by solving the vapor diffusion equations in the gas 
phase combined with the vapor-liquid equilibrium 
based on Raoult’s law. Since the liquid properties, i.e. 
the mass density, the viscosity, the surface tension 
and the diffusivity strongly depend on the composition 

and the temperature, experimental data for these 
quantities has been fitted to accurately incorporate the 
composition- and temperature-dependence into the 
model. Thereby, the flow in the multi-component 
droplet is strongy coupled with the spatio-temporally 
evolving nonhomogeneous liquid composition. 
Furthermore, thermal effects caused by the latent heat 
of evaporation are taken into account by considering 
the coupling of flow and the evaporation with the 
temperature field. 
The numerical results are compared with good 
agreement with experimental data obtained by image 
analysis techniques, confocal microscopy and particle 
image velocimetry (micro-PIV). 
 
We begin our study by discussing the volume evolution 
and the flow inside the droplet with the aid of an 
axisymmetric version of the model. While it is shown 
that convection in the gas phase can be safely 
neglected, we point out the importance of the substrate 
thickness on the evaporative cooling and hence on the 
volume evolution.  
As long as ethanol is present in the binary and ternary 
droplet, the flow in these droplets is chaotic and almost 
entirely driven by the solutal Marangoni effect. Once 
ethanol has evaporated, the flow changes to regular 
thermal Marangoni flow.  
The model can also successfully predict the onset of 
oil nucleation in Ouzo droplets. This is achieved by 
testing whether the local liquid composition is in the 
phase separation region, which has been determined 
by titration experiments. As in the experiments, the 
nucleation sets in at the rim for Ouzo droplets with 
contact angles below 90° [6] and at the apex for 
droplets with contact angles above 90° [7]. 
 
To account for the highly non-axisymmetric flow in the 
binary and ternary droplet, the model is generalized to 
a full three-dimensionl version. With the framework of 
this model, we are able to investigate the transition 
from non-axisymmetric chaotic flow to regular 
axisymmetric flow by numerical means. Thereby, we 
are able to directly compare the results of micro-PIV 
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measurements with the numerically obtained flow. 
 
Interestingly, the chaotic regime driven by solutal 
Marangoni flow is in good agreement, whereas the 
thermal Marangoni flow of the remaining water droplet 
is overpredicted by the model. We substantiate that 
this effect can presumably attributed to 
contaminations. 
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Drop impact on a wet surface is critical for IC engines 
where the fuel spray deposition on the engine wall is 
highly undesirable as it would lead to incomplete 
combustion and soot. If the impacting surfaces cannot 
come into close proximity during the impact to activate 
the surface van der Waals force, and consequently 
cannot break the thin interfacial gas layer trapped 
between them, bouncing of the drop results [1-5]. To 
assess the controlling mechanisms of the transition, it 
is thus necessary to understand the dynamics of the 
gas layer. Recently optical techniques [3-7] have been 
developed to indirectly interpret the microscopic gas 
layer thickness for drop impact on solid surfaces. Such 
studies have mostly been concerned with merging 
outcomes [7-8], while corresponding studies on the 
morphology of the gas layer for the bouncing outcomes 
have been few.  

Apart from the fluid properties, the critical system 
parameters that control the impact response are the 
impact inertia of the drop and the resistance offered by 
the impacted surface, with the latter depending on the 
film thickness. Previous studies have been mostly 
concerned in the limiting situations of either solid 
surface [2-4, 6] or liquid pool [5, 7]. Less study, 
however, has been directed to the intermediate 
situation [8, 9] for which the film thickness is 
comparable to the drop radius such that the resistance 
of the restraining surface is closely felt, while the fluid 
flow within the drop and film, as well as their respective 
morphologies, are strongly coupled through the 
interfacial gas layer. As was shown for tetradecane in 
[9], globally such strong coupling gives rise to 
non-monotonic bouncing-vs.-merging transitions as the 
film thickness increases from zero.  

The work of [9] is global in nature, mapping out the 
merging-vs-bouncing boundaries. In this work, we 
report, a complete temporal characterization of the gas 
layer dynamics for drop bouncing on liquid surface 
(same material as the drop) with thickness comparable 
to the drop radius (0 < H* < 3), using high-speed 
imaging and color interferometry. Consequently we 
have succeeded in identifying the roles of the film 
thickness and the Weber number in controlling the gas 
layer morphology in different regimes. In particular, we 
shall show that the presence of a deformable impacted 
(liquid) surface drastically modifies the shape and 
evolution of this thin gas layer in that the central “bell” 
shaped dimple is no longer the only morphological 
response, as observed previously for the head-on 
impact on solid surfaces. 

The axisymmetric gas layer dynamics will now be 
discussed in terms of the evolution of center thickness, 

hc, and radial profile, h(r), (schematic in Fig. 1a), both of 
which evolve with time.  

                      
(a)                       (b) 

Figure 1. (a) Schematic of the gas (b) Gas layer center 
thickness evolution for three different film thicknesses with 
similar We numbers. The dashed lines indicate the end of 
approaching stage. 
 
First, we consider the behavior of hc versus time, 
normalized by the inertial timescale, 2R/U, in Fig. 1b, 
which shows two distinct stages of the evolution, 
namely the approaching stage, when the gap at the 
center continuously diminishes to reach a minimum 
point; and the rebounding stage, when the gap 
increases; here “t=0” represents the instant when the 
bottom of the drop reaches the location of the 
unperturbed liquid surface. It is seen that during the 
approaching stage, for all H*, hc decreases linearly with 
time with almost the same slope, while it decreases 
with a slower rate for the deep pool. During the 
rebounding stage, however, the response is 
dramatically different in that while the rate of increase 
of hc is rather steady for the thin film, for the deep pool it 
first increases rapidly and then slows down 
substantially. For the thick film, hc responds 
non-monotonically by first sharply jumps to a value of 
2.5 µm, then immediately reduces to 1 µm, and then 
increases again within a very short t*iner increment of 
about 0.5.            

Next we show the instantaneous spatial variation of the 
gas layer thicknesses (schematic in Fig. 1a) along the 
normalized radial distance and their evolution for all 
three conditions in Fig. 2, where the left and right 
panels respectively indicate the approaching and 
rebounding stages. It is seen that as the drop 
approaches close to the liquid surface, it squeezes the 
interfacial gas layer and hence creates a high-pressure 
zone, which in turn deforms both the drop and film 
surfaces and forms a “high-center/low-rim” or a “bell” 
shaped interfacial gap for the thin film (Fig. 2a). This is 
analogous to the well-known “dimple” created at the 
center when a drop impacts a solid surface, although 
now the interfacial gap for the thin film is formed from 
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the deformation of both the drop and liquid surfaces. 
Subsequently, the trapped gas layer is gradually 
squeezed out as the drop further moves down. This is 
evident from the flattened and even reversed 
“low-center/high-rim” gas layer profile, with a minimum 
thickness reaching below 1µm before the rebounding 
stage begins, recognizing that a typical interfacial gas 
layer thickness just before merging is about 200 nm.  
For the deep pool (Fig. 2e), although the shape of the 
center dimple is maintained, the gas layer profiles are 
flatter and shorter. Due to the large pool thickness and 
the diminished constraint from the bottom solid surface, 
the deformable liquid surface here is more “adaptive” to 
drop impact, thereby reduces the radial variation in the 
gap thickness and hence the pressure gradient. The 
un-restrained deformation in the liquid surface also 
results in a steeper interface around the drop center 
(see side-view image of the inset), deflecting the 
incident light from the bottom away from the camera, 
making the window of the observable interference 
pattern smaller. This progressively reduces the extent 
of the measured profile as the drop penetrates the 
liquid pool. For the thick film, the gas layer profiles (Fig. 
2c) show mixed influence of the deep pool and thin film 
conditions, in that the profile is flatter due to the 
“adaptive” nature of the liquid surface and its radial 
extent increases with time due to spreading against the 
bottom surface. 

  
(a)                    (b) 

   
(c)                  (d) 

                          
(e)                 (f) 

Figure 2. Gas layer profiles at approaching and rebounding 
stages for three conditions shown in Fig. 2. The profiles are 
color coded with time. r*=r/R. (a) (b) We=9.91, H*=0.12. (c) (d) 
We=8.04, H*=1.19. (e) (f) We=9.26, H*=2.72. 
 
During the rebounding stage for the thin film, when the 
drop as a whole rises upward (Fig. 2b), the center of 
the gas layer gradually thickens, forming another, albeit 
much narrower, “bell” shaped profile. At the same time, 

the rim also thickens forming an “annular dimple”, and 
is connected to the center dimple with a thin neck (~0.5 
µm). Both the dimples at the center and the rim become 
thicker as the drop moves upward during the rest of the 
rebounding stage, with the neck moving inward and 
becoming thicker. Note that the radial extent of the 
visible interference pattern and thus, measured gas 
layer thickness, reaches r*=0.5 and hence exceeds 
those with larger film thicknesses. Mechanistically, 
deformation of the liquid surface is now largely 
constrained by the bottom solid surface such that 
spreading of the drop over the surface closely 
resembles drop impact on the dry surface. Similarly, for 
the deep pool (Fig. 2f), the center thickens first but with 
a flatter profile. The gas layer becomes thicker as the 
drop leaves the liquid surface without changing its 
shape. The observable extension is now larger, up to 
r*=0.5, as compared to the approaching stage because 
the liquid surface retracts and forms a flat bottom, as 
shown in the side-view of the inset.  

For the thick film, however, evolution of the profiles is 
markedly different (Fig. 2d). At the beginning of the 
rebounding stage, the center of the gas layer thickens 
with the familiar “bell” shaped dimple. It then changes 
immediately, within 0.28 ms (t*=0.7), as the profile 
becomes flatter and thinner at the center with a thick 
rim forming a “reverse bell” shape with the rim being 
thicker than the center. Finally, with the rim remaining 
the same, the center starts to become thicker and 
approaches the thickness of the rim until the drop 
leaves the liquid surface. The unaltered rim thickness 
during the latter part of the rebounding stage indicates 
that shape oscillation of the drop, and relaxation of the 
stretched/deformed film surface, are perhaps phase 
matched, and as such they move together near the rim. 
Such a complex behavior of the gas layer dynamics 
rises from the interplay of the deformation and 
relaxation of the drop and film surfaces along with 
resistance from the solid wall, which is unique for the 
thick film and absent from drop impact on dry surface. 
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Droplet microfluidics has enabled a wide variety of high throughput applications through 

the use of monodisperse droplets.
1,2

 Previous fluid studies of droplet microfluidics have 

focused on single drops or emulsions at low volume fractions.
3,4

 The study of 

concentrated emulsions at high volume fractions is important for increasing the 

throughput, but the fluid dynamics of such emulsions in confined channels is not well 

understood.  

 

Here we describe two-dimensional, mid-height measurements of the flow inside 

individual drops within a concentrated emulsion using micro-PIV. To our best knowledge, 

no work has probed the flow field inside droplets of concentrated emulsions at high 

volume fractions in confined channels.  

 

We generated droplets using a flow-focusing device fabricated in poly(dimethylsiloxane) 

(PDMS). In all our experiments, the droplet volume was 90 pL with a volume dispersity 

of < 3%.The emulsion has 85% volume fraction and flows as a monolayer in a straight 

microfluidic channel. We built an in-house μPIV system
5
 to probe the flow by combining 

a green laser, a Phantom fast camera, and an inverted microscope. 

 

The effects of confinement and viscosity ratio on the internal flow patterns inside the 

drops were studied. The results show rotational structures inside the drops always exist, 

and are independent of viscosity ratio for the conditions tested. The structures depend on 

droplet mobility which in turn, depends on the confinement of the emulsion and the 

location of the drops in the channel. Our results imply that the degree of mixing could 

differ in droplets within a concentrated emulsion depending on the size of the drops 

relative to the size of the channel, as well as the position of the drops in the channel. 

 

Current work is in progress to measure the three-dimensional flow field in such system, 

as well as the effects of other parameters including capillary number, the volume fraction 

of the emulsion and the choice of the surfactant. 
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Droplet microfluidics has been shown as a strong candidate for high-throughput 

applications.
1-3

 Tapered microchannel was often integrated in many high-throughput on-

chip devices to enforce droplets passing through interrogation region in a serial 

manner.
4,5

 Despite the wide use of tapered microchannel, the dynamics of how drops 

flow and rearrange in such geometry has not yet been characterized.  

 

In this work, we report a surprising order in concentrated emulsion when flowing as a 

monolayer in a tapered microfluidic channel. Our results could find practical use in the 

design of flow control systems for effective on-chip droplet manipulations such as mixing 

and incubation.
6
 In addition, our results are helpful in understanding shaping and material 

forming of confined low-dimensional crystal materials.   

 
We used a flow-focusing nozzle to generate monodisperse 50-pL droplets which were 

concentrated to form an emulsion with a volume fraction ~85%. We reinjected the emulsion into 

a microchannel using a pressure pump. The channel height was less than one droplet diameter. 

Droplets thus flowed as a 2D monolayer. We recorded movies of the drops flowing in the 

microchannel using an inverted optical microscope and a high-speed camera (Phantom 

v7.3). We used custom Matlab scripts to track the position and the shape of all drops in 

each frame. 

 

At sufficiently slow flow rates, the drops arrange into a hexagonal lattice. At a given x-

position, the time-averaged droplet velocities are uniform. The instantaneous drop 

velocities, however, reveal a different, wave-like pattern. Within the rearrangement zone 

where the number of rows of drops decreases from N to N-1, there is always a drop 

moved faster than the others. Close examination reveals the anomalous velocity profile 

arises from a series of dislocations that are both spatial and temporal periodic. To our 

knowledge, such reproducible dislocation motion has not been reported before.  

 

Our results are useful in novel flow control and mixing strategies in droplet microfluidics 

as well as modeling crystal plasticity in low-dimensional nanomaterials.   
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Introduction.   Evaporation   of   sessile   drops   remains   a  
topic  of  active   research  nowadays,  not  only  due   to   its  
widespread  occurrence  both  in  nature  and  technology,  
but   also   because   it   raises   a   number   of   interesting  
fundamental  questions.  Among   these,   the   influence  of  
the  substrate  topography  is  far  from  being  understood.  
While   the   wetting   dynamics   of   drops   on   textured  
substrates  has  already  been  studied  [1]  (in  particular  it  
is   known   that   the  drop   shape   typically   tends   to   adopt  
the  symmetry  of  the  pattern  it   lies  upon  [2]  and  that   in  
some  cases,  a  central  drop  could  appear  on  the  top  of  
a   liquid   film   remaining   between   pillars   [3]),   the  
influence  the  texture  has  on  the  evaporation  dynamics  
(including  the  influence  of  pinning)  has  not  yet  received  
much   attention.   In   this   presentation,   we   focus   on   the  
evaporation  dynamics  of  completely  wetting  and  highly  
volatile  drops  on  substrates  with  controlled  geometrical  
heterogeneities   and   analyze   the   influence   of  
geometrical  parameters  of   the  textured  surface  on  the  
shape  and  the  dynamics  of  evaporation  of  the  drop. 
  
Methods.  The  experiment  consists  in  gently  depositing  
a   millimetric   drop   on   a   geometrically   textured   but  
chemically   homogeneous   surface   and   characterizing  
its   evaporation   with   a   standard   Mach–Zehnder  
interferometer.  
The   geometrically   textured   surfaces   considered   are  
composed  of  a  square  array  of  circular  micropillars  of  
SU-8   resin   erected   by   photolithography   on   sapphire  
wafers   (previously   covered   by   a   thin   layer   of   SU-8  
resin).   Such   an   array   of   micropillars   is   illustrated   in  
fig.1(a).   A   parametric   study   is   realized   by   varying   the  
height  hp  and  the  radius  rp  of  the  micropillars  such  that  
0  µm  <  hp  <  40  µm   and   20  µm  <  rp  <  100  µm,  
respectively.   The   pitch   distance   d   between   the  
micropillars   is   kept   constant   at   320  µm   in   all   the  
experiments.  The   liquid  used   is  HFE-7100,  which  has  
the   properties   to   be   highly   volatile   and   completely  
wetting.  
The   images   obtained   (see   fig.1(b-c))   are   analyzed  
thanks   to   a   wavelets-based   image   analysis   method,  
detailed  in  [4],  which  allows  measuring  the  evolution  of  
the   contact   angle   (local   slope),   the   volume   and   the  
wetting   surface   (and   so   the   equivalent   wetting   radius  
RT)   of   the   drop   during   the   evaporation.   For   some  
values  of  the  geometrical  parameters,  the  drop  adopts  
a   shape   composed   of   a   film   invading   the   surface  
texture   with   a   central   spherical   cap   sitting   upon   this  
liquid   film   (see   fig.1(c)).   In   this   situation,   the   image  
processing   is   also   able   to   provide   the   radius   (R)   and  
the   inflection   angle   of   the   central   spherical   cap.              

  
Figure   1   (a)  Schematic   representation  of   a   square  array  of  
circular   pillars.   (b-c)   Images   obtained   by   interferometry   for  
two   HFE-7100   drops   evaporating   on   geometrically   textured  
surfaces  whose  dimensions  of  the  pillars  (d,  hp  and  rp)  are  (b)  
320  µm,   15  µm,   60  µm   and   (c)   320  µm,   30  µm,   60  µm,  
respectively.   

In   parallel,   a   mathematical   2D   modelling   of   the  
evaporation   of   a   liquid   drop   deposited   on   a  
geometrically   textured   surface   was   developed.   The  
drop   is  assumed  to  be  axisymmetric  and  to  evaporate  
quasi-steadily.  In  this  system,  the  transport  of  the  liquid  
is   induced  by  two  mechanisms:  the  evaporation  of  the  
liquid  and  the  imbibition  of  the  liquid  inside  the  surface  
texture  by  capillary  pumping.  This  problem  highlights  a  
dimensionless   number   F,   revealing   the   competition  
between   the   receding   of   the   drop   resulting   from   the  
evaporation   rate   and   the   spreading   of   the   drop  
resulting   from   the   capillary   forces.   The   order   of  
magnitude   of   the   value   of   F   allows   to   predict   the  
behavior  of  the  triple  line  during  the  evaporation.  

Results   and   discussion.   Figure   2   represents   the  
dimensionless   evolutions   of   the   characteristic   radii   (R  
and  RT)  of  drops  evaporating  on  geometrically  textured  
surfaces   characterized   by   various   dimensions   of   the  
pillars.  The  experimental  results  show  two  evaporation  
regimes,   depending   on   the   dimensions   of   the   pillars.  
These   two   regimes   are   also   found   thanks   to   the  
theoretical  simulations.  

When   deposited   on   a   geometrically   textured   surface  
with  small  (in  our  experiments)  pillars,  the  drop  adopts  
an   almost   central   spherical   cap   shape   (see   fig.1(b)),  
similarly   to   the   one   on   a   flat   surface.   Classically,  RT  
decreases  over  time  until   the  complete  disappearance  
of  the  drop  (see  fig.2(a)),  following  an  evaporation  law  
similar   to   the   one   of   a   drop   evaporating   on   a   flat  
surface   (R2-law).  This   regime   is  well   simulated  by   the  
model   for   small   values   of   F,   highlighting   that   the  
receding  of  the  triple  line  due  to  evaporation  seems  to  
widely   dominate   the   spreading   of   the   drop   due   to  
capillary   forces.   This   regime   is   thus   called   the  
evaporation-dominated  regime.  

rp
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When   deposited   on   a   geometrically   textured   surface  
with  large  (in  our  experiments)  pillars,  the  drop  adopts  
a   more   complex   shape   composed   of   a   central  
spherical   cap   sitting   upon   a   liquid   film   invading   the  
surface  texture  (see  fig.1(c)).  The  triple  line  follows  the  
direction  of  the  rows  of  pillars,  leading  to  a  wetting  area  
faceted   as   a   square,   as   already   shown   by   [2].   The  
typical  evolutions  of  R  and  RT  during  the  evaporation  of  
a  drop  deposited  on  an  array  of  such  pillars  is  shown  in  
fig.2(c).  At   the  beginning,   this   regime   is   characterized  
by   the   continuous   spreading   of   the   drop   while   R  
decreases.  Then,  the  drop  becomes  a  film  evaporating  
with   a   pinned   triple   line   before   depinning   and  
completely  disappearing.  This  regime  is  well  simulated  
by  the  model  for  large  values  of  F,  highlighting  that  the  
spreading  of  the  drop  due  to  capillary  forces  seems  to  
widely   dominate   the   receding   of   the   triple   line   due   to  
evaporation.   Hence,   this   regime   is   called   the  
spreading-dominated  regime.  

When   deposited   on   a   geometrically   textured   surface  
with   pillars   of   intermediate   size   (in   our   experiments),  
the   shape   of   the   drop   is   identical   to   the   previous  
situation   (see   fig.1(c)).   The   difference   with   the  
spreading-dominated  regime  lies  in  the  fact  that,  in  this  
case,   the   triple   line   is   pinned   even   during   the  
disappearance   of   the   central   spherical   cap   (i.e.  RT   is  
constant  while  R  decreases,  see  fig.2(b)).  The  pinning  
effect   is   not   included   in   the   model.   Therefore,   this  
behavior   could   only   be   simulated   by   the   model   by  
artificially  taking  RT  as  constant  during  the  decrease  of  
R.  Experimentally,  pinning  turns  out  to  occur  when  the  
spreading   of   the   drop   due   to   capillary   forces   roughly  
balances   the   receding   of   the   triple   line   due   to  
evaporation.   This   behavior   is   thus   obtained   at   the  
transition  between  the  two  regimes,  corresponding  to  a  
certain  critical  value  of  F.    

Several   scaling   laws   on   R   and   RT   are   obtained  
according   to   these   regimes,   in   agreement   with   the  
mathematical  model.  

A  phase  diagram  representation  of  the  two  regimes  of  
evaporation  of  a  drop  deposited  on  a  textured  surface,  
according   to   the   dimensionless   radius   of   the   pillars  
texturing   the   surface   (rp/d)   and   their   dimensionless  
height  (hp/d)  is  proposed.  It  highlights  that  the  height  of  
the   pillars   has   a   bigger   influence   on   the   regime   of  
evaporation  than  their  radius.    

Acknowledgements.   We   acknowledge   the   master  
students   M.   Flandroy   and   V.   Schmidt   for   their  
preliminary  works  on  this  topic,  and  BELSPO  (IAP  7/38  
Micro-MAST   project),   ESA-BELSPO   (PRODEX  
Evaporation   Project)   and   the   Fonds   de   la   Recherche  
Scientifique  -  FNRS  for  their  financial  support.  
  
References  
 
[1]  D.  Quéré.  Wetting  and   roughness.  Annual  Review  
of  Materials  Research  38(1)  (2008)  71—99.    
[2]  L.  Courbin,  E.  Denieul,  E.  Dressaire,  M.  Roper,  A.  
Ajdari,   H.A.   Stone.   Imbibition   by   polygonal   spreading  
on   microdecorated   surfaces.   Nature   Materials   6(9)  
(2007)  661—664.  
[3]   J.   Bico,   U.   Thiele,   D.   Quéré.   Wetting   of   textured  
surfaces.   Colloids   and   Surfaces   A:   Physicochemical  
and  Engineering  Aspects  206(13)  (2002)  41—46.    
[4]   S.   Dehaeck,   Y.   Tsoumpas,   P.   Colinet.   Analyzing  
closed-fringe   images   using   two-dimensional   Fan  
wavelets.  Applied  Optics  54(10)  (2015)  2939—2952. 

Figure  2  Experimental  and  theoretical  evolutions,  as  a  function  of  the  dimensionless  time,  of  the  dimensionless  radii  of  a  HFE-
7100  drop  evaporating  at  room  temperature  on  a  geometrically  textured  surface  (a)  in  an  evaporation-dominated  regime,  (c)  in  a  
spreading-dominated  regime  and  (b)  at  the  transition.  For  the  experimental  results,  the  dimensions  of  the  pillars  (d,  hp  and  rp)  
are  (a)  320  μm,  5  μm  and  30  μm,  (b)  320  μm,  20  μm  and  50  μm  and  (c)  320  μm,  30  μm  and  70  μm,  respectively.  Note  that  the  
theoretical  model,  here  fitted  to  the  experiments,  allows  simulating  the  evolutions  of  the  characteristic  radii  R  and  RT  in  the  two  
regimes  as   long  as  R  >  0.  The  blue  dotted   lines   (b,c)   show   the  expected   total  experimental   radii   evolutions  and   indicate   the  
lifetime  of  the  drops. 
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 Problematics of liquid repellent surface 
production is widely spread in recent research projects. 
Numerous aspects, such structure in micro and nano 
scale, chemical composition and environmental 
conditions are crucial for preservation of lyophobic 
property state [1].  
Main ways to produce such a surface is to create the  
suitable structure, followed by chemical modification to 
enhance the lyophobic properties. For production of 
superhydrophobic and superoleophobic surfaces, 
immersion in fluorinated reagent is frequently used [2].  
This approach has typical use for metals [3]. Another 

possibility is reaction of fluorinated precursor directly 

with metal [4].  

 Our main goal was to incorporate production 

of superhydrophobic and superoleophobic surface in 

time-saving one-step modification of stainless steel 

substrate. In comparison with published modifications, 

we chose aqueous solution of fluorinated precursor as 

an electrolyte. No additional agents were necessary to 

produce the surface with contact angle ≥150° for water 

and olive oil.  

 Optimization of electrolysis by variation of 

applied voltage, deposition time and solution 

concentration lead to operative parameters U = 5V; 

t = 20 min and 0.045 M perfluorooctanoic acid (PFOA) 

aqeous solution (deionized water).  

Surface energy evaluation (SEE) System (Advex 

Instruments) enabled easy calculation of contact 

angles (CAs) for various liquids. Implementation of six 

liquid Owens-Wendt model was used for surface free 

energy determination. The droplet volume was 2.5 μl. 

Resulting layer exhibited water CA 159±2°, olive oil CA 

153±3° and surface free energy 0.60 mJ/m
2
 

respectively (Fig. 1). The values were averaged from 

10 measurements. Combination of Peltieri element, 

IR thermometer and SEE System allowed to record the 

change of CA during varying temperature and observe 

the freezing procedure. 

Confocal microscope Olympus LEXT OLS4000 and 

scanning electron microscope Tescan MIRA3 imaged 

macroscopic and microscopic topography of surface. 

Produced layer consisted of plate-shaped formation  

Fig. 1: Topography (SEM; SE detector, mag. 5kx) and CA 

values for deionized water and olive oil droplets (2.5 μl) 

Produced layer consisted of plate-shaped formation 

analogous to products prepared on zinc [4] (Fig.1). 

Optimized working conditions eliminated the 

appearance of macroscopic crackles in layer. 

Tribological testing realized by Hysitron TI950 and 

Fisherscope H100 nanoindenters provided data for 

hardness up to 3 MPa and elastic modulus up 1 GPa. 

Revetest Xpress plus scratch tester confirmed  

dominant plastic deformation for penetration depths 

exceeding the film thickness. Indicated friction 

coefficient was ranging from 0.1 to 0.25. 

Chemical composition estimated by SEM-EDX 

mapping confirmed reasonable amount of fluorine from 

PFOA, inducing the oil repellency [2]. FTIR 

spectrometer Bruker vertex 80v with ATR plate 

measured reflectance spectra. Indicated bands at 1681 

and 1448 cm
-1

 reffered to carboxylate groups (COO
-
) 

whereas bands at 1201 and 1143 cm
-1

 allocated to  

fluorine content (-CF2). Presence of COO
- 

 and -CF2 

groups can be interpreted as production of PFOA salt 

during the deposition, similarly as in [4]. 

For corrosion resistance or propagation observation, 

norm-referenced neutral salt spray corrosion test was 
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carried out for 1000 hours according CSN EN ISO 

9227 NSS with no evidence for corrosion product 

generation. 

 To summarize the experiment, preparation of 

water and oil repellent layer on stainless steel 

substrate was demonstrated by short 

electrodeposition. Averaged values for water and olive 

oil contact angle were 159±2° and 153±3° with 

calculated surface free energy 0.60 mJ/m
2
. Electrolyte 

consisted of dissolved perfluorooctanoic acid in 

deionized water. Applying of 5V for 20 min resulted in 

production of soft plate-shaped formations with 

hardness up to 3 MPa, elastic modulus up to 1 GPa 

and friction coefficient ranging from 0.1 to 0.25. 

Chemical analysis of layer confirmed the production of 

carboxylate and significant amount of fluorine.  
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INTRODUCTION 
A ferrofluid is a stable suspension of magnetic 
nano-particles in a suitable carrier fluid. The ultra-fine 
particles and the colloidal stability make the ferrofluid 
behave as a homogeneous medium, while displaying a 
variety of novel phenomena under an external 
magnetic field. In the past decades, thorough 
knowledge on a single droplet under the influence of a 
rotating field has been obtained, e.g. [1-2]. It is well 
known that when the driving frequency is low, a droplet 
is going to elongate and rotate with the field with or 
without a phase lag depending on the driving frequency 
and other parameters. In a high-frequency field, the 
droplet will display starfish-like patterns. However, the 
interaction of multiple droplets has received much less 
attention. Recent experiments have discovered several 
modes of pairwise interaction in a rotating magnetic 
field of low frequency [3], the most intriguing of which is 
the so-called planetary motion. It consists of the 
self-spin of individual droplets in phase with the driving 
field, and the global revolution of the droplet pair 
around each other with a phase lag from the rotating 
field. In this study, we explore such droplet interactions 
using direct numerical simulations.  
 
METHODOLOGY 
The computational setup is such that a pair of ferrofluid 
droplets are suspended in a viscous medium in a large 
square container. The flow field is governed by the 
Navier-Stokes equations for incompressible two-phase 
flow: 

∂ivi = 0, 
ρ(∂tvi + vj∂jvi) = -∂ip + ∂j(2ηDji) + σκniδs + ∂jτji, 

where η is the viscosity and Dji is the rate of 
deformation tensor. σ is the surface tension coefficient 
between ferrofluid and the surrounding medium. κ 
represents the curvature, nj the outer normal vector to 
the interface, and δs the Dirac delta function that is 
concentrated on the interface. τji is the Maxwell stress 
tensor, which is determined by the local magnetic field 
strength vector Hi through 

τji = µHjHi – (µ/2)H2Iji. 
µ is the magnetic permeability of the material. For 
simplicity we only consider linear magnetization of the 
ferrofluid. As a magnetostatic problem, the field 
strength Hi = -∂i φ for some magnetic potential φ, and φ 
is governed by a Laplace equation. Boundary 
conditions are of the standard type on the interface 
between the ferrofluid and the medium. Here we note 

two crucial dimensionless parameters: the magnetic 
Bond number Bom which represents the ratio of 
magnetic forces and surface tension, and the 
dimensionless driving field frequency f.  
 
A Volume-Of-Fluid (VOF) formalism is used to compute 
the interfacial dynamics. An open source software 
Gerris is employed [4]. The package features adaptive 
mesh refinement on a structured quad-/oct-tree grid 
and an accurate computation of the surface tension. 
The calculation is done in 2D due to the high 
computational cost for 3D problems. 
 
RESULTS 
Direct simulations have reproduced the key features of 
the experiments. Overall, there are four modes of 
motion depending on the initial droplet separation D0: i) 
negligible interaction for very large D0; ii) planetary 
motion for intermediate D0; iii) locked rotation for closer 
D0; iv) coalescence for even smaller D0.  
 
In the planetary motion regime, the center of mass of 
droplets oscillates in both the radial and azimuthal 
directions. The frequency of the oscillations is 
approximately double the driving frequency f. This is 
because the driving field rotates much faster than the 
droplet pair, and the phase lag between the pair and 
the rotating field changes with a period of about half 
that of the field. This agrees well with the experimental 
observations. Eventually the drop separation settles 
into an oscillation around a “terminal separation” D, 
which depends on the driving frequency f but not the 
initial separation D0. 
 
When the magnetic Bond number Bom is reduced, 
indicating an increase in surface tension and thus a 
more rounded shape of the droplets, the radial motion 
of the droplets is hardly affected, which suggests little 
change in the magnetic force. However, the angular 
velocity of the pair’s revolution drastically decreases. 
This implies that the viscous sweeping induced by the 
deformed droplets accounts significantly for the angular 
velocity of the pair. The hydrodynamic interaction is 
also more dominant at higher driving frequency f, 
leading to higher angular velocity. This phenomenon 
forms a contrast to the situation of rigid magnetized 
circular particles in a rotating field. In the latter case, 
the angular velocity of the pair is purely due to the 
magnetic torque, and decreases with increasing driving 
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frequency f [5]. 
 
Besides planetary motion, a droplet-locking regime is 
discovered under certain operating parameters. When 
the droplets start with a small initial separation D0 and 
aligned with the external field, the viscous drag on the 
droplets are not strong enough to prevent them from 
being attracted together by the magnetic force. In the 
locking regime, individual droplets stick together and 
rotate in phase with the driving field, while maintaining 
a thin film between them. Typically this leads to 
coalescence in time. If the initial separation is even 
smaller, coalescence occurs outright without going 
through the locked rotation episode. 
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Aerosol optical tweezers (AOT) can be used to isolate 
individual picolitre volume droplets (3-10µm radius) and 
study important physicochemical properties in a 
controlled environment and over a wide range of 
timescales. Radius, refractive index and chemical 
composition can be routinely monitored using cavity 
enhanced Raman spectroscopy (CERS) as the trapped 
droplet is subjected to environmental and chemical 
changes. Previous work has shown that this capability 
enables accurate measurements of vapour pressure, 
mixing state and hygroscopicity. This contribution will 
discuss recent advances to directly measure the 
droplet surface tension and viscosity through 
coalescence of two optically trapped droplets. 
Knowledge of both surface tension and viscosity are of 
key relevance to a range of industrial and atmospheric 
processes such as spray drying, inkjet printing, cloud 
droplet activation, semivolatile partitioning, and 
chemical aging, and also are required to understand 
droplet dynamics more generally. 
 
 

 
 
Figure 1. Example binary coalescence process for 2 glucose droplets 
at 55% RH. 
 
In a coalescence experiment, two droplets are captured 
in neighbouring optical traps, equilibrated to a desired 
relative humidity (RH), and coalesced through 
manipulation of the relative trap positions (Figure 1). 
The moment of coalesence is captured using high 
frame-rate imaging as well as elastically backscattered 
laser light recorded with a photodiode (Figure 2).  
 
 

 
 
Figure 2. Morphology analysis of the composite droplet following the 
coalescence of two low-viscosity surfactant coated aqueous droplets. 

a) is imaging with a camera, b) elastically backscattered light from a 
photodiode and c) frequency of oscillatory modes in the 
backscattered light signal.   
 
Viscosity is determined by measuring the characteristic 
relaxation time (µs to days) as the final composite 
droplet returns to a spherical morphology under the 
influence of capillary forces. The fast relaxation 
dynamics of low viscosity droplets are probed using the 
elastically scattered light signal whilst the aspect ratio 
of the droplet image is used for slow coalescence / high 
viscosity systems. In cases where coalescence is very 
slow, the relaxation time is monitored through the 
disappearance (loss of sphericity) and subsequent 
reappearance (return of sphericity) of whispering 
gallery modes in a Raman spectrum. 
 
Using this approach we report viscosity measurements 
from a wide range of binary (organic + water) systems 
containing alcohols, saccharides and carboxylic acids 
and with measured viscosities covering 13 orders of 
magnitude (10-3 to 1010 Pa s). Example viscosity 
measurements are shown in Figure 3. These data 
compare well with bulk-phase studies, where bulk 
measurements are possible, and are used to test 
various viscosity prediction models. 
 
 

 
 
Figure 3. Viscosity measurements for droplets containing a range of  
water + organic combinations and covering the full range in RH.   
 
In addition, for low viscosity droplets, the surface 
tension can be measured from the frequency of 
damped surface oscillations following coalescence, 
which are observed as fluctuations in the time-resolved 
elastic scattering signal (Figure 2b & 2c). 
 
The surface tensions of mixed component droplets 
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(e.g. mixtures of NaCl and glutaric acid in differing 
mass ratios) were measured across the entire range of 
RH (including beyond the solubility limit) and compared 
to a model of surface tension. Experimental values 
agree well with bulk values where possible and validate 
existing models that predict the surface tension of 
supersaturated droplets. Moreover, trapped droplets 
were exposed to air, and the time-dependent changes 
to surface tension was monitored. Surface tension was 
observed to rapidly decrease to a value consistent with 
surfactant coated droplets regardless of the initial bulk 
composition. This observation suggests that the 
surface tension of atmospheric aerosol, a key 
parameter that defines the number of cloud droplets in 
climate models, is likely consistent with a surfactant 
coated surface rather than pure water, which is 
currently assumed in models. More recent work has 
provided the first measurements of surfactant coated 
picolitre droplets. These experiments indicate that due 
to the high surface/volume ratio and very small 
volumes in aerosols, partitioning of surfactant to the 
surface results in depletion of that surfactant from the 
bulk. This disagreement with bulk measurements can 
be quantified and modelled. 
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Superhydrophobic (SH) are surfaces with the apparent 
ability to repeal liquids. Appart from the evident utilities 
attributed to SH surfaces (water-proofing or 
self-cleaning), SH surfaces may have other interesting 
applications: drag reduction, anti-biofouling, anti-icing, 
condensation delay, etc. However it is not clear and it is 
a source of discussion and controversy which factors 
influence the better or worse performance of SH 
surfaces when thay are used for the above mentioned 
purposes [1, 2]. Potential differences between SH 
surfaces are not easily captured by the conventional 
methods used to characterize the wetting properties. 
The main reason is that contact angle of SH is hardly 
measurable with accuracy [3]. For this reason, it is 
currently demanded a tool for validating SH surfaces 
further than the analysis of water contact angles.  
    
In this work, we show a new strategy to validate the 
performance of different superhydrophobic (SH) 
surfaces fabricated on aluminium substrates. These 
surfaces were produced using acid etching and a 
further hydrophobization using hydrophobic films of 
fluropolymer, siliconation by PDMS, or silanization.  
 
The validation of the produced SH surfaces was carried 
out using a combination of standard goniometry 
methods, that served to identify a surface as SH, and a  
novel methodology focused on the analysis of bouncing 
drop dynamics using a high speed camera [4].  
The aim was to show that the standard methods for 
testing the wetting properties of SH surfaces are hardly 
able to differenciate between different SH surfaces. In 
contrast, the analysis performed with bouncing drops 
reported differences more pronounced than the one 
obtained by contact angle measurements. We 
connected these differences in the wetting properties 
with the efficiency of the surfaces in delaying 
condensation. This property was characterized by the 
interpretation of ESEM images acquired under 
saturating conditions. Since all the created surfaces 
were textured in the same way, the reported  
differences were attributed to the different surface 
energy of the hydrophobizating agent and a different 
degree of coverage, estimated from elemental 
chemical analysis using XPS.  
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Interest in droplet-based microfluidics has grown 
significantly due to applications in biochemical analysis 
and material synthesis [1]. For these applications, 
understanding and controlling different unit operations 
such as drop generation, breakup and coalescence is 
necessary. In this work, we focus on implementing 
volume-of-fluid (VOF) numerical simulations to 
investigate different aspects of drop manipulation in 
microchannels. VOF is categorized as an Eulerian 
method of multiphase flow simulations where fluid 
properties such as viscosity and density are smoothed 
and the surface tension force is distributed over a thin 
layer near the interface as a body force. The details of 
this method and its implementation can be found in 
references [2,3]. 
We report results on three different systems that have 
relevance for droplet-based fluidics. First, we study 
droplet production from a T-junction device, and focus 
on the effect of viscosity ratio on droplet size. Second, 
we investigate breakup of droplets in a confined 
channel containing pillar obstacle. Here we focus on 
the system dynamics and discuss the conditions 
necessary for droplet breakup. Third, we determine the 
flow resistance of trapped drops and its dependence on 
system parameters. In all three systems, we compare 
the simulation results with experimental data. 
Effect of viscosity on drop size in a T-junction 
geometry. In a microfluidic T-junction geometry, two 
immiscible fluids, dispersed and continuous phases, 
meet at the junction, followed by breakup of the 
dispersed phases (see Figure 1). Motivated by the lack 
of adequate studies investigating the influence of 

viscosity ratio () on the generated droplet size, we 
mapped the dependence of drop volume on capillary 

number (0.001 < Ca < 0.5) and viscosity ratio (0.01 <  
< 15). We have shown the results in figure 1d. We find 
that for all viscosity ratios investigated, droplet size 
decreases with increase in capillary number. However, 
the reduction in droplet size with capillary number is 

stronger for  < 1 than for  > 1. In addition, we find that 
at a given capillary number, the size of droplets does 

not vary appreciably when  < 1, while it increases 

when  > 1.  
 
Drop breakup at a linear obstacle. As a confined 
droplet approaches a linear obstacle in a microchannel, 
the pressure drop in the system increases. This rise in 
pressure drop leads to droplet break-up, if it gets 
sufficiently high. We investigated the influence of 
different system parameters such as droplet size, 
viscosity and confinement on pressure drop and 

break-up of the droplet.  
We observed that, highly viscous droplets break-up at 
smaller imposed flow rates, see figure 2. To understand 
this counter-intuitive observation, we evaluated the 
dynamics of the system as the droplet approaches the 
constriction. We found that, the induced hydraulic 
resistance of the droplet in the system plays a crucial 
role in break-up of the droplet. 
Flow resistance of trapped drops. When a droplet 
sits at a microfluidic constriction, it induces a hydraulic 
resistance to the microchannel. Using volume-of-fluid 
method and PTV experiments we investigated the 
effect of presence of droplet on pressure drop at a 
microfluidic constriction. We studied the effect of 
droplet confinement and viscosity ratio over a range of 
capillary number (10-4<Ca<10-2), on induced pressure 
drop in the channel. The results are shown in figure 3. 
We found that when a droplet is not fully confined, the 
system experiences two different induced resistances 
at low and high Ca. By increasing the Ca, there is a 
jump in hydraulic resistance, which is due to degree of 
occupancy of the constriction at low and high Ca. On 
the other hand, for fully confined droplet system 
experiences only one resistance since the constriction 
is always occupied, even at small Ca.   
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Figure 1. Drop generation at microfluidic T-junction. a)The scematic of T-junction 

geometry. a) squeezing b) dripping and c) jetting regimes. d)This figure is taken from our 
paper in Physics of Fluids (reference 2). 
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Figure 3. Trapped drop resistance. a) Experimental measurements of pressure drop b) 
simulation results of pressure drop c) the volume of fluid simulation of trapped drop (3D 
view) 
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Figure2. Droplet break-up at a linear obstacle. a) 2D view of droplet break-up against the 
linear obstacle in the microchannel. b) Plot showing the effect of viscosity ratio on droplet 

break-up. Green, orange and red are showing no-break up, break-up with and without 
retraction, respectively.  
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Droplet transport and clogging in confined geometries 
is a problem of fundamental importance in oil recovery 
and droplet-based microfluidics. A confined droplet 
flowing through a conduit can either be trapped at the 
constriction or squeeze through it. The dynamics of the 
trapped and squeezed states are expected to depend 
on the fluid properties of droplet and continuous phase 
flow, as well as the channel geometry. 
The literature on droplet transport through a constricted 
channel dates back to pioneering work by Olbricht and 
Leal [1]. They measured the extra pressure drop upon 
droplet’s passage through a converging-diverging 
cylindrical tube. Their experiments showed that for 
systems with small flow rates, the size of the droplet 
plays a crucial role in determining the pressure drop. 
Additionally, they showed that as the droplet moves 
toward the narrowest part of the channel, a maximum in 
pressure drop occurs. Martinez et al. [2] investigated 
the same problem numerically and confirmed the 
strong dependency of pressure drop on location of the 
drop in the constricted tube. 
With advances in microfluidics, there is significant 
interest in understanding the transport of drops in 
microchannels. In rectangular microfluidic channels, 
where the dimensions of the channels can get as small 
as microns, droplet entrapment is very common [2,3]. 
In order to trap the droplets passively, small 
constrictions are designed in the microfluidic channels. 
The presence of these constrictions, resists the 
pushing force of the continuous phase. There have 
been several studies, where the passive traps are used 
to trap the droplets [3-5]. On the other hand, there have 
been very few studies which investigate the physics of 
the droplet entrapment in constricted microchannels. In 
a recent study by Xu et al., they showed that by 
increasing the size of droplet and surfactant 
concentration the flow rate needed to trap the droplet 
decreases [6]. 
Although there have been a number of studies on the 
dynamics of droplets passing through a cylindrical 
constriction, investigations of dynamics of trapped 
droplets in constricted microchannels is lacking. Unlike 
cylindrical tubes, where the lubrication film thickness is 
uniform [7], the presence of angular corners, i.e. gutters 
in microchannels makes the film thickness non-uniform. 
As a result, gutters are expected to play an important 
role in dictating drop dynamics in microfluidics, 
however, its role has not been fully elucidated.  
In this work, we performed three-dimensional 
volume-of-fluid (VOF) simulations of droplet transport in 
a constricted microchannel. This work builds on our 
previous study, where we have benchmarked VOF 

method for applications in droplet microfluidics [8]. We 
also conducted microfluidic experiments to validate the 
key results of the simulations. The geometry of the 
system is shown in Fig. (1). We investigated the impact 
of different system parameters: drop size, confinement 
and viscosity on the onset of droplet trapping at a 
constriction. 
In simulations, we found that when constant inlet flow 
rate is used, as the droplet reaches to the constriction, 
the pressure drop increases due to limited space 
available for the continuous phase to flow around the 
drop. The magnitude of pressure rise depends on the 
continuous phase flow rate and dimensions of the 
channel. When this pressure rise exceeds the Laplace 
pressure at the back-end of the droplet, the droplet gets 
trapped. 
We found that gutter flows play an important role in 
determining the onset of droplet trapping. Therefore, 
we evaluated the effect of different system parameters 
on gutter flows. We found that the hydraulic resistance 
of gutters depends on the viscosity, size and 
confinement of the droplet. In figure 2, the effect of 
droplet size on critical capillary number is shown. As we 
can see in this plot, by increasing the size of the droplet 
critical capillary number decreases significantly. Finally, 
we observe that high-viscosity drops even though less 
deformable than low-viscosity drops, squeeze through 
at a lower capillary number in both square and circular 
geometries. We verified this observation experimentally 
as well. The mechanism underlying this 
counter-intuitive phenomenon will be discussed.  
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Figure 1. Geometry of the problem and cross section view of the channel with the droplet.  

 
Figure 2. Critical capillary number against droplet size phase diagram  
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Pickering emulsions are multiphase mixtures in 
which solid particles, typically in the colloidal 
range, reside at the interface between two 
immiscible fluids such as oil and water, kinetically 
stabilizing droplets against coalescence to form an 
emulsion. Since their introduction in the early 20th 
century [1,2], Pickering emulsions have been 
commonly used in a variety of consumer products, 
ranging from cosmetics to food items. More 
recently, the technological application of solid-
stabilized emulsions in composite materials [3], 
pharmaceuticals, and the oil industry, has 
motivated the need to understand the salient 
microstructural and mechanical characteristics of 
these complex materials, particularly their 
rheology, at a more detailed level. Depending on 
the processing and physicochemical conditions, 
these multiphase mixtures can exhibit rich 
rheological behavior including liquid-like 
viscoelasticity, creep deformation, gelation, and 
yielding. Specific interest in the rheology of solid-
stabilized emulsions is twofold: from a 
technological standpoint, the rheology of Pickering 
emulsions directly mediates their mechanical 
stability, shelf life, and processability, which are 
crucial aspects of their use in any of the 
applications mentioned earlier. From an academic 
perspective, many fundamental questions are 
present in regards to understanding how the 
multiphase nature of solid-stabilized emulsions, 
and the rich interfacial phenomena at play in these 
systems give rise to their complex mechanical 
properties. 
 
The purpose of this study is to investigate how 
inter-droplet interactions impact the rheology of 
solid-stabilized emulsions. We utilize two fluid 
systems and particles with different surface 
chemistries to create Pickering emulsions with 
three types of interactions. The stabilizing particles 
employed in each emulsion mediate the 
interactions between droplets, resulting in the 
following multi-phase mixtures examined in this 
study: a system of repulsive droplets, a system of 
attractive droplets and a system in which droplets 
interact through monolayer particle bridges. 
Characterization of each system’s microstructure 
and mechanical behavior is done by confocal 

microscopy imaging and small amplitude 
oscillatory rheology. Comparing between the 
different emulsions examined, we first observe 
different routes to gelation. In the case of either 
repulsive or attractive droplets, arrested dynamics 
arise when droplets jam at volume fractions near 
the random close packing limit of spheres. Bridging 
interactions between droplets result in a 
percolating network of droplets stitched together by 
colloidal particles, and gel-like rheology is 
observed far below random close packing limits. 
Nontrivial dependence of mechanical behavior on 
sample composition, for all three emulsion 
systems, is also observed. This includes the non-
monotonic growth in gel strength, and subsequent 
loss, with increasing particle volume fraction in the 
bridging system [4]. Our observations are analyzed 
and discussed in the context of the microstructure 
exhibited in each emulsion system. 
 
The results of this investigation have important 
implications for a wide range of industrial 
applications where solid-stabilized emulsions are 
utilized, and specific rheological properties must be 
engineered in their formulation. Fundamental 
knowledge is also gained by this study, in regards 
to the role particles play in the complex mechanical 
behavior of multi-phase solid-stabilized emulsions. 
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The fluidising effect of vibrations on tempered chocolate is widely utilised on production lines to distribute chocolate 
in moulds. However, a description of the physics of fluidisation is lacking. We address the mechanism of fluidisation 
by studying the axisymmetric spreading of a sessile drop of molten chocolate on a pre-existing layer of the same 
fluid due to vertical vibrations. 
 
In experiments with 5 ml drops, the drop remains static under gravity and spreading only occurs when the 
acceleration of the substrate exceeds approximately 2 g. This onset of spreading is followed by a well-defined 
reduction in spreading time scales with increasing acceleration. Informed by our rheological measurements, we 
model the molten chocolate as a generalised Newtonian fluid with a yield stress.  
 
Numerical simulations, based on the axisymmetric free-surface Navier-Stokes equations, accurately capture the 
overall spreading dynamics observed in the experiments. During the upward motion of the substrate the 
acceleration is enhanced relative to gravity. When it exceeds a critical value, a large part of the drop fluidises 
almost instantaneously, which results in spreading. For the rest of the cycle, the acceleration is below the critical 
value and the drop remains static.  
 
However, the numerical simulations predict an earlier onset of spreading than the experiments once the vibration is 
imposed. This discrepancy is thought to be related to the viscoelastic behaviour of chocolate around the yield point, 
which is not captured by the generalised Newtonian constitutive model. Although the elasticity of tempered 
chocolate is insignificant once the chocolate is fluidised, it affects how the chocolate yields and therefore impacts 
the fluidisation and the onset of spreading.  
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Recently, the dynamics of fluid drops has acquired 
considerable attention. We have been working on the 
dynamics, in particular, in a space confined in between 
two parallel plates, to find scaling laws, which is the 
focus of this presentation. In such a ”Hele-Shaw cell” 
geometry, dimensional crossovers, self-similarity and 
role of liquid thin films appear as important issues, 
which are the key concepts of the presentation. 
 
 
Introduction 
 
This presentation is divided into a few parts. In each 
part, we introduce our previous studies and discuss the 
recent developments of the studies. Depending on the 
time of the presentation, we may focus on selected 
topics. Figures are collected at the end. 
 
 
Drop Coalescence and Self Similarity 
 
In the coalescence of drops in the Hele-Shaw cell, we 
have found dimensional crossovers in the dynamics, 
together with a self-similar dynamics under an 
uncontrolled influence electric field [1] (Fig.1 left), and 
the effect of symmetry breaking in bursting of a thin film 
has been revealed [2] (Fig.1 right). Recently, we have 
performed experiments under a controlled electric field 
and have found non-coalescence above a critical field, 
for which the self-similar dynamics is also discussed. 
We also introduce another type of self-similar dynamics 
that we found in the Hele-Shaw cell geometry. We may 
also discuss the control of the modes of coalescence, 
the contact type and film-formation type (Fig. 1), by 
electric field. 
 
Viscous Dissipation in Thin Films 
 
Studies on rising and sinking motion of fluid drops [3] 
and on the lifetime of bubbles [4] in the Hele-Shaw cell 
have unveiled various boundary conditions realized in 
thin films. In Ref. [3], we found two different scaling 
regimes for viscous drag friction associated with liquid 
thin films (Fig. 2). Recently, we have found another 
scaling regime and provided a phase diagram for 
scaling regimes [5]. We may briefly discuss the 
granular drag friction in a Hele-Shaw cell that diverges 
towards the jamming point [6]. 
 
 
Imbibition of Textured Surfaces 
 
It has been found that, in the dynamics of imbibition of a 

certain textured surface, the dynamics is governed by 
balance of three effects of capillarity, gravity and 
viscous dissipation [7]. Recently, we have found an 
interesting non-slowing down imbibition dynamics on 
the leg of a strange animal [8]. We also discuss devices 
for mixing small amounts of liquids by using capillary 
force [7]. 
 

 

 
Fig. 1: Drop coalescences in Hele-Shaw cells. (left) 
Contact-type coalescence [1]. The two scaling laws 
describe two regimes of the neck dynamics. (right) 
film-formation-type coalescence [2]. The neck expands 
at the constant velocity V. The illustrations placed at the 
bottom indicate experimental setups and conditions for 
the corresponding experiments (left for the contact-type 
and right for the film-formation type, respectively). 
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Fig. 2: Rising and sinking fluid drops in Hele-Shaw 
cells. From velocity measurements, the drag force F 
can be derived. The two scaling regimes for F indicated 
in the panel are confirmed in two limiting cases [3]. The 
bottom two plots demonstrate that how the first scaling 
law in the panel explains the experimental data through 
data collapse. 
 

 

 
Fig. 3: Air bubble in a Hele-Shaw cell and an obstacle 
in a two-dimensional granular layer. (top left) Thickness 
of film encapsulating the bubble, h, follows the 
expression shown beneath the photograph [4]. (top 
right) Drag force acting on the obstacle form the 
granular medium, F, is found to diverge towards the 
jamming point [5]. The bottom plots show the 
divergence of the drag force towards the jamming 
point. 
 

 

 
Fig. 4: Imbibition of a textured surface formed by short 
pillars with rounded edges [7]. (Top) The imbibition 
height x is given by the scaling law. Surprisingly, this 
law is independent of the geometrical parameters of 
pillars. (Bottom) The main plot shows that the six series 
of data shown in the inset plots collapse well on a 
master curve in a time range well over four orders of 
magnitude. 
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Liquid   transfer   and   drop   formation/deposition   processes   involve   complex   free-‐‑surface   flows  
including   the   formation   of   columnar   necks   that   undergo   spontaneous   capillary-‐‑driven  
instability,   thinning   and   pinch-‐‑off.  For   simple   (Newtonian   and   inelastic)   fluids,   a   complex  
interplay   of   capillary,   inertial   and   viscous   stresses   determines   the   nonlinear   dynamics  
underlying   finite-‐‑time   singularity   as   well   as   self-‐‑similar   capillary   thinning   and   pinch-‐‑off  
dynamics.  In  rheologically  complex  fluids,  extra  elastic  stresses  as  well  as  non-‐‑Newtonian  shear  
and   extensional   viscosities   dramatically   alter   the   nonlinear   dynamics.   Stream-‐‑wise   velocity  
gradients   that   arise   within   the   thinning   columnar   neck   create   an   extensional   flow   field,   and  
many   complex   fluids   exhibit   a   much   larger   resistance   to   elongational   flows   than   Newtonian  
fluids  with  similar  shear  viscosity.  Characterization  of  pinch-‐‑off  dynamics  and  the  response   to  
both  shear  and  extensional  flows  that  influence  drop  formation/  deposition  in  microfluidic  and  
printing   applications   requires   bespoke   instrumentation   not   available,   or   easily   replicated,   in  
most   laboratories.  Here  we   show   that   dripping-‐‑onto-‐‑substrate   (DoS)   rheometry  protocols   that  
involve   visualization   and   analysis   of   capillary-‐‑driven   thinning   and   pinch-‐‑off   dynamics   of   a  
columnar   neck   formed   between   a   nozzle   and   a   sessile   drop   can   be   used   for  measuring   shear  
viscosity,   power   law   index,   extensional   viscosity,   relaxation   time   and   the   most   relevant  
processing   timescale   for   printing.   We   showcase   the   versatility   of   DoS   rheometry   by  
characterizing   and   contrasting   the   pinch-‐‑off   dynamics   of   a   wide   spectrum   of   simple   and  
complex   fluids:   water,   printing   inks,   semi-‐‑dilute   polymer   solutions,   yield   stress   fluids,   food  
materials  and  cosmetics.  We  show  that  DoS  rheometry  enables  characterization  of  low  viscosity  
printing   inks   and   polymer   solutions   that   are   beyond   the   measurable   range   of   commercially-‐‑
available   capillary   break-‐‑up   extensional   rheometer   (CaBER).  We   show   that   for   high   viscosity  
fluids,  DoS  rheometry  can  be  implemented  relatively  inexpensively  using  an  off-‐‑the-‐‑shelf  digital  
camera,  and  for  many  complex  fluids,  similar  power  law  scaling  exponent  describes  both  neck  
thinning   dynamics   and   the   shear   thinning   response.   Using   a   particular   example   of   aqueous  
polymer   solutions,   we   show   the   measurement   of   both   the   extensional   relaxation   time   and  
extensional  viscosity  of  weakly  elastic,  polymeric  complex  fluids  with  low  shear  viscosity  η  <  20  
mPa·∙   s   and   relatively   short   relaxation   time,   λ      <   1  ms.  Lastly,  we  will   elucidate  how  polymer  
composition,  flexibility  and  molecular  weight  determine  the  kinetics  of  capillary-‐‑driven  thinning  
and  pinch-‐‑off  in  our  experiments.    
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When a droplet of a volatile liquid is deposited on a flat 
solid substrate, it first undergoes either a fast spreading 
or a fast retraction, depending on the initial conditions. 
The droplet volume remains practically constant at this 
stage, the mass loss due to evaporation being a slow 
process relative to the mentioned ‘fast’ ones. 
Eventually, the sessile droplet reaches a kind of 
quasi-steady state, whose further evolution is governed 
by a ‘slow’ evaporative volume reduction. It is this latter 
stage that is in the focus of the present study. The 
volume loss gives rise to a slowly receding contact line 
(slower than it could be at the initial fast-retraction 
stage). We note beforehand that no essential pinning is 
observed in the present series of experiments, and the 
contact line is therefore treated as freely receding.  
 
Here we deal with droplets of perfectly wetting liquids 
such as various HFEs (7100, 7200 and 7500), the 
volatility decreasing with the number. Finite contact 
angles observed at the evaporation stage are 
principally evaporation-induced by their nature (e.g. 
[1-5]). In the present series of experiments, the droplets 
are deposited on a horizontal polycarbonate plate of 
thickness 3 mm. The initial contact radius of the sessile 
droplet is typically between 1 mm and 2 mm. The 
contact angles are of the order of 10° or below.  
 
The polycarbonate plate and the liquids being 
transparent, the droplet thickness profiles are 
measured by means of Mach-Zehnder interferometry 
[6]. A local wavelet analysis technique [6] also allows to 
extract the local slope profiles. A typical result for the 
slope profile is shown in Fig.1. A remarkable feature 
observed in Fig.1 is a drastic decrease of the slope in 
the vicinity of the contact line. This is a result of the 
Marangoni effect on the shape of the droplet pointed 
out in [5]. The liquid being pure (one-component) here, 
the Marangoni effect is of thermal nature and comes 
from evaporative cooling at the droplet free surface. 
Overall, a significant deviation from the classical steady 
shape (as determined by gravity and capillarity) is 
observed for a droplet of a given contact radius and 
contact angle (cf. Fig 1). In contrast, a theory 
appropriately taking into account the Marangoni effect 
succeeds in reproducing the experimental profile (see 
Fig. 1).  
 
On the other hand, such a Marangoni-induced drastic 
decrease of the slope near the contact line makes it 
more difficult to precisely measure the actual contact 
angle (the slope at the rightmost point of the profile): 

the high curvature renders the wavelet analysis method 
not sufficiently accurate near the contact line [6]. In the 
present study, unlike [5], we shall not rely upon such a 
direct measurement of the contact angle and proceed 
in a different way. This is partly motivated by the fact 
that we shall here be interested in finer effects like the 
dependence of the contact angle on the contact radius 
of the droplet, hence a need to exclude such potential 
sources of imprecision.   

 
Figure 1: Slope profile of an HFE-7100 droplet, with the radial 
distance counted from the symmetry axis and the end of the 
profile corresponding to the contact line.   
 
Namely, we proceed as follows. At first, with the help of 
a theoretical processing, we shall measure the 
so-called apparent contact angle of the sessile droplet. 
It is quite commonly defined as the angle required in 
the (theoretical) quasi-stationary droplet profile in order 
to have given values of the droplet’s volume and 
contact radius. In experiment, the volume and the 
radius are measured from the droplet profile at each 
moment of the observed evolution of an evaporating 
droplet. Then, at each moment, the apparent contact 
angle is thereby inferred. 
 
As it follows from what was already mentioned, the 
theoretical quasi-stationary profile, used to define the 
apparent contact angle, is here not merely the classical 
one, shaped just by gravity and capillarity, but rather 
the Marangoni-modified one [5]. The theoretical 
consideration is based upon the radial distribution of 
the local evaporation rate as derived in the framework 
of a diffusion-limited theory [7]. Yet, the measured 
global evaporation rate (obtained by taking the time 
derivative of the measured droplet volume) generally 
turns out to somewhat deviate from the predictions of 
the diffusion-limited theory. On the one hand, this is 
attributed to neglected convective effects. On the other 
hand, a possible evaporative cooling of the 
polycarbonate plate itself is not accounted for either. To 
make allowance for these effects, we modify the theory 
by heuristically correcting the diffusion-limited local 
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evaporation rates in proportion to the mentioned 
discrepancy between the measured and 
diffusion-limited global evaporation rates. Such an 
approach has proved to work well in [5]. Another 
confirmation thereof, now unlike [5] not hinging upon a 
direct measurement of the contact angle, comes from a 
good agreement observed in Fig.2 in terms of the 
maximum slope (reliably measurable quantity within a 
slope profile as the one in Fig.1).  

 
Figure 2: The measured (circles) and computed (points) 
maximum slopes of the droplet profile (cf. Fig.1) versus the 
droplet contact radius for HFE-7100. Different colors 
hereafter correspond to different experimental runs (the same 
in all subsequent figures).  

 
Figure 3: The measured apparent contact angles (circles) 
obtained by theoretical processing of the experimental data 
as described in the text, and the theoretical 
evaporation-induced contact angles (points, here coinciding 
for all runs) obtained from the de-Gennes-based contact-line 
microregion model described in [2]. Results for HFE-7100. 
The molecular scale value used in the model [2] is a*=1 nm.  
 
Coming back to the apparent contact angles, the 
results are shown in Fig.3. Normally, for slowly 
receding contact lines as at the evaporation stage in 
question, one expects the apparent contact angles to 
largely coincide with the evaporation-induced ones 
[3,4]. Yet the comparison drawn in Fig.3 puts into 
evidence quite diverging tendencies for these two 
angles as functions of the contact radius. This 
compelled us to recur to asymptotic developments 
similar to [3,4], looking for the velocity and other related 
corrections into the contact angle. However, unlike 
[3,4], these developments are here applied explicitly to 
the evaporation stage and also take the Marangoni 
effect into account. The goal is to more precisely 
deduce the evaporation-induced angles from the 
apparent ones at the evaporation stage, rather than to 
merely assume them equal. On the other hand, an 

appropriate modification of the results coming from [2] 
is also applied (see Fig.4 caption). All this turns out to 
work in the right sense indeed, by bringing the circles 
and points closer together in Fig.4 as compared to 
Fig.3 (a disparity of ~20% now versus ~60% before), 
albeit no perfect agreement is still achieved. Curiously 
enough, the ~20% dispersion of the evaporation- 
induced contact angles observed in Fig.4 turns out to 
be roughly the same as the one obtained from the 
microregion model [2] as the spreading coefficient 
(whose value is not really known here) is varied in the 
range of small positive values. It is perhaps in the realm 
of this sensitivity to the spreading coefficient that the 
explanation for the remaining discrepancy and for the 
fact that different experimental runs result in different 
curves could be searched.    

 
Figure 4: Evaporation-induced contact angles deduced from i) 
further theoretical processing of the measured apparent 
contact angles of Fig.3 as described in the text (circles), and 
ii) the microregion model [2] by applying the same heuristic 
evaporation rate modification as the one used in the context 
of the Marangoni effect (points). HFE-7100 with a*=1 nm.  
 
To recapitulate, a straightforward naïve comparison 
between experiment and theory yields worryingly 
disparate tendencies for the evaporation-induced 
contact angle as a function of the droplet radius. 
However, an appropriate account for contributions and 
corrections due to the Marangoni effect and 
contact-line velocity as well as heuristic modifications, 
based on experiment, of diffusion-limited evaporation 
rates are shown to drastically reduce such a disparity. 
The results for other HFE liquids will also be presented.  
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Controlling the stability of emulsion droplets or foam 
bubbles is key to food processing industries to prolong 
the flavor and the texture of food products. This 
requires understanding how the film between 
neighboring bubbles or droplets thins and eventually 
ruptures. In this work, we study the dynamics of thin 
films between droplets. For dewetting of liquid films on 
solid substrates, nanometer scale fluctuations at the 
interface due to thermal molecular motion strongly 
influence the rupture time [3].  Here, we explore how 
thermal fluctuations influence the rupture of 
non-conformal films present in emulsions and foams. 
 
Previous studies on planar thin-film rupture used the 
deterministic thin-film equation [1-3]  
 

𝜕ℎ

𝜕𝑡
=  

𝜕

𝜕𝑥
{

ℎ3

3

𝜕

𝜕𝑥
(𝜙′(ℎ) − 𝛾

𝜕2ℎ

𝜕𝑥2)} 
 

(1) 

 
for the evolution of a thin film under the influence of 
intermolecular forces that are lumped into disjoining 

pressure, 𝜙′(ℎ), and capillary pressure, 𝛾(𝜕2ℎ/𝜕𝑥2). 
Experimental rupture times are over-predicted with this 
fluctuation-free theory.  
When thermal fluctuations were accounted for by 
adding a stochastic noise term as shown in equation 
(2), the rupture time decreases roughly fourfold, in 
better agreement with experiments [3].  
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(2) 

 
We implemented this noise-containing model using a 
semi-implicit solver which we validated using the 
planar-film case found in the literature [3], see Fig 1. 
For the deterministic case, the dimensionless rupture 
time is 15.5, while the mean rupture time for the 
stochastic simulations is distributed around a mean of 
4.6 with a standard deviation of 0.8 (Fig. 1c). This 
confirms the previously reported factor of four 
difference in rupture times. We also studied the effect of 
the spatial correlation in the thermal fluctuations in 
these films by imposing a correlation length, 𝑙𝑐 , as 

described in literature [3,4], with 𝑙𝑐 = 0  signifying 

spatially uncorrelated noise and 𝑙𝑐 = 15 signifying a 
high spatial correlation. Fig. 1c and 1d show the 
distribution of rupture times for both situations. The 
rupture times increases with increasing spatial 
correlations in the noise. The mean rupture times for 
highly spatially correlated noise corresponds to the 
deterministic rupture times highlighting the importance 

of spatial correlations in determining accurate rupture 
times. 
  

 

 

 
Fig. 1: (a) Deterministic and (b) stochastic evolution of planar 
thin-films with rupture occurring at 15.5 and 4.6 in dimensionless 
time. (c,d). Distributions of rupture times for 400 realizations of a 
stochastic thin-film rupture for a dimensionless temperature, 

𝜃 = 1.25.10−3. (c) Distribution for lc=0 (spatially uncorrelated noise) 
has rupture time statistics of 4.6± 0.8 in dimensionless units. (d) 
Distribution for lc=15 (equivalently, lc /L=1) (highly colored noise) and 
has rupture time statistics of 15±0.45.  

 
While the influence of thermal fluctuations is now well 
understood for flat conformal films, their relevance to 
predicting coalescence time for non-conformal films is 
largely unexplored. Before presenting the results with 
thermal fluctuations included, it is instructive to first 
present the thin film dynamics in the absence of 
thermal fluctuations. We consider non-conformal 
emulsion films, where so-called Plateau borders with 
curvature connect to the planar portion of the film. 
Figure 2a presents a schematic of the non-conformal 
thin-film with its initial condition. The curvature causes 
an accelerated film thinning due to the jump in capillary 
pressure at the connection to the Plateau border. Fig. 
2b shows that a localized dimple is formed at the 
transition region. The evolution of the film thickness can 
be divided into two time regimes. The first regime 
where the drainage due to capillary suction is the  
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Fig. 2: (a) Schematic of a non-conformal thin-film with its initial and 
far-field boundary conditions. (b) Deterministic evolution of the 
non-conformal thin-films for dimensionless curvature, 𝜅 = 50. (c,d) 
Minimum film height values extracted from the numerical solutions of 

(b) for different values of 𝜅. The minimum film thickness follows 
self-similar solution as predicted theoretically by Aradian et al. [5] and 
Zhang et al. [6] for early and late times of film thinning respectively. 
Figure adapted from [7]. (e) Stochastic evolution of the non-conformal 
films for 𝜅 = 50 and dimensionless T=4.10

-3
. 

 
dominant force for film thinning and the second regime 
where the long-range van der Waals forces dominate 
the evolution of the film. We recover the self-similar 
solution as derived by Aradian et al. [5] with 

𝐻𝑚𝑖𝑛~𝑇−1/2  as shown in Fig. 2(c). Subsequently, 
long-range van der Waals forces become dominant and 
the film thins rapidly. As the film approaches rupture at 

𝑇 = 𝑇𝑟, the evolution of the film height follows another 

self-similar solution [6] with 𝐻𝑚𝑖𝑛~(𝑇 − 𝑇𝑟)1/5  as 
shown in Fig. 2(d).  
 
We extend the deterministic description of these films 
by adding a stochastic noise term as in equation (2) to 
account for the presence of thermal fluctuations at the 
interfaces of these films. The current work focuses on 
studying how the strength of the fluctuations and the 
magnitude of the curvature influence the coalescence 
time.  Fig. 2(e) shows a single stochastic evolution of 
the film profile where we see that the dimple formation 
is unaffected by the influence of thermal fluctuations. 
The rupture times for 𝜅 = 0.001 and 0.01 for 
deterministic simulations were found to be 26.5 and 
13.5 respectively in dimensionless units. When thermal 
fluctuations are accounted for, with a dimensionless 

temperature, 𝜃  = 4.05.10
-3

 (noise intensity, √2𝜃  = 

0.09), the rupture time decreases to 8.5  ± 0.8 and 

7 ± 0.9 for 60 realizations of their stochastic evolutions. 
Thereby, it shows a factor of 3 and 2 decrease in the 
rupture times for 𝜅 = 0.001 and 0.01 respectively. This 
decrement in the rupture times further depends on the 
strength of the stochastic term used, with higher noise 
intensity leading to a further decrease in the rupture 
time of these non-conformal films. For higher values of 
dimensionless curvature, 𝜅, drainage flow due to high 
capillary suction stabilizes the perturbations caused by 
thermal fluctuations leading to rupture times that are 
close to the deterministic rupture times. 
 
In conclusion, we have numerically confirmed the 
stochastic thin-film evolution for planar films [3], 
accounting for thermal fluctuations, and we have 
extended the analysis to non-conformal films. It was 
found that for low values of curvature, the rupture times 
decrease in the presence of thermal fluctuations, with 
this decrease depending on the strength of the 
stochastic noise. 
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A method of evaporative lithography has been 
proposed in [1]. In evaporative lithography, a mask is 
placed above a drying film to create regions of free and 
hindered evaporation. Inhomogeneous evaporation 
induces a fluid convection. This convection carries 
colloidal particles to regions of highest evaporative flux. 
The binary colloidal films exhibit pattern formation when 
subjected to a periodic evaporative landscape during 
drying. 
 
Recently, some results of modelling for two limiting 
cases have been published [2,3]. In the present work, 
we propose the consideration that is more common. 
We consider a droplet that dries on a solid horizontal 
surface under a mask with holes. Initially, colloidal 
particles are homogeneously distributed inside the 
droplet. The holes in the mask form a flat hexagonal 
structure. The droplet’s radius, R, is supposed to be 
much larger than a distance between the holes, P. 
Hence, only one hexagonal cell of the droplet under 
mask with one central hole can be considered. In our 
study, both a centre-to-centre separation distance 
between the holes in the mask, P, and a gap height 
between the mask, hg, and the underlying droplet 
varied as in the experiments [1] (Fig. 1). 
 

 
Fig.1. Colloidal droplet on a horizontal flat hydrophilic 
surface desiccates beneath a mask. 
 
The vapour could escape only across the hole in the 
mask. To get a density of the vapour flux, a stationary 
diffusion equation was solved in the atmosphere. 
Profile of the vapour flux varies from almost flat, when 
hg is large, to crater-like which has been reported in [5], 
when hg is small (Fig. 2). 

The mass conservation and the advection-diffusion 
equation with sedimentation were solved to find the 
vertically averaged volume fraction of particles in the 
solution. In the model, we assume that the droplet 
surface is flat and the density of the flux of the 
sedimentation is proportional to the volume fraction of 
the particles [4]. We examine the effect of mask design, 
diffusion, sedimentation and initial volume fraction of 
the particles on the mass transfer when the solvent 
evaporates. 
 

 
Fig.2. Normalized evaporative flux for rh = 0.2 and 
different values of hg. Distances along the axis y are 
measured in the units of P/2. Je

free is the evaporative 
flux when the mask is absent. 
 
Our results consistent with the experimental data [1]. 
Colloidal particles in the solution are carried by 
advective flow to the holes in the mask. The effect is 
enhanced when the mask design parameter is reduced. 
An increase in the size of the holes or a decrease in the 
distance between the holes in the mask results in a 
more uniform distribution of the particles in the solution. 
An increase in the initial volume fraction of particles in 
the solution leads to an increase in the flux of 
deposition of particles onto the substrate and, 
accordingly, to a decrease in the number of particles in 
the solution. 
 
Fig.3 demonstrates effect of hole’s radius on the height 
averaged volume fraction of colloidal particles inside 
the droplet at time corresponding to 0.2te, where te is 
the total time of drying. The particle distribution become 
more homogeneous when the holes increase. 
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Fig.3. Normalized height averaged volume fraction of 
colloidal particles, W/W0, for initial volume fraction W0 = 
0.05 and two different radii of holes, rh. t = 0.2te, hg = 
30 µm. Distance along the axis y is measured in the 
units of P/2. 
 
Fig.4 demonstrates effect advection and diffusion on 
the spatial redistribution of the colloidal particles. When 
the Péclet number is about 1, i.e., advective transport is 
approximately equal to diffusive transport, the particles 
tend to concentrate in the region of higher evaporation. 
In contrast, diffusion can counteract this concentration, 
when the Péclet number is small. 
 

 
Fig.4. Normalized height averaged volume fraction of 
colloidal particles, W/W0, for different values of Péclet 
number. t = 0.2te, W0 = 0.005, hg = 30 µm, K = 0.5. 
Distance along the axis y is measured in the units of 
P/2. 
 
Fig.5 shows effect of sedimentation rate on spatial 
redistribution of the colloidal particles. Naturally, 
sedimentation reduces concentration of the colloidal 
particles inside the droplet. Nevertheless, our 
simulation evidences that sedimentation almost does 
not modify the spatial distribution of the colloidal 
particles.  
 
Fig.6. demonstrates how the ratio of the mass of 
particles deposited directly under the hole to the total 
deposited mass varies with time. 

 
Fig.5. Normalized height averaged volume fraction of 
colloidal particles, W/W0, for different values of 
sedimentation rate, K. t = 0.2te, W0 = 0.005, hg = 30 µm, 
Pe = 1. Distance along the axis y is measured in the 
units of P/2. 
 

 
Fig.6. Ratio of the mass of particles deposited directly 
under the hole to the total deposited mass vs 
dimensionless time for different values of deposition 
rate, K. W0 = 0.005, rh = 0.2, hg = 30 µm, Pe = 1. 
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When two identical droplet come into contact with each 
other, they typically coalesce into a larger one for 
minimizing the free surface energy. Notably, the 
hydrodynamic behaviors during the process after 
coalescence, including rapid expanding of liquid bridge 
formed between two droplets, are of great scientific 
interest because of the richness of the underlying 
physics, such as free surface flow1-4, Rayleigh-Plateau 
instability5-7, and singularity dynamic8, all of which are 
also essential to appropriately manipulate droplet 
coalescence in various application9-11. The capillary 
driven expansion of the neck generates capillary waves 
from the released surface energy. The wave carry 
momentum and propagate axisymmetrically along the 
droplet surfaces, thereby be blocked by the connecting 
solid surface, e.g. needle, simultaneously, stretch 
outward from the opposite poles to form protrusions, 
which are sometimes pinched off to form satellites. 
Chen et al.9 observed three regimes after pinched 
droplet coalescence, with on satellite droplet formation. 
Thoroddsen et al.7, 12, 13 provided models for predicting 
the satellite size generated from the capillary wave 
induced by drop coalescence, and the pinch-off 
limitation. 
In this work, we have systematically studied the 
oscillation process of liquid bridge after the 
coalescence of a pendent and sessile droplet pinched 
on the needles. As shown in Figure 1(a), the 
coalescence of the distilled water droplets in 
atmosphere were controlled inside a stainless steel cell 
with sight glass. Two droplets were formed at the flat 
extremities of facing vertical coaxial needles by 
injecting liquid from corresponding syringe pump. The 
injection rate of micropump (Harvard PHD ULTRA) was 
set from 0.01ml/min to 0.2ml/min for obtaining various 
approaching speed. A sessile droplet was first 
generated on the lower needle extremity by controlling 
the volumetric flowrate Qv and running time of pump. 
Then a pendent droplet grew on the upper needle 
extremity. The dynamic process of millimeter-sized 
droplets after generation, including the process from 
coalescence to oscillation, and sometimes broken, is 
directly recorded by a high-speed camera (Photron 
MINI UX100 with 1280 × 480 resolution) cooperated 
with long distance microscope lens (KEYENVE 
VH-Z50) from the side, at the frame rate of 10000 fps. 
A LED parallel light source (power 3W, spot diameter 
20mm) was used to provide back-lit illumination. The 
side-view image of a pendent and a sessile droplet 
pinched on the needle before coalescence is shown in 
Figure 1(b). This allows the study of a liquid bridge of 

volume V attached to the edges of two facing solid 
disks of diameter D (corresponding radius R) separated 
by a distance H. Droplet volume, centroid coordinates 
(xc, yc) and curvature radius r1, r2 were determined via 
image analysis using Matlab software. 

 
Figure.1 (a) Schematic of the experimental set-up. (b) The 
side-view of two initial droplets before merging. The distance 
between needles H, width of droplet contacting with needle D 
and curvature radius of two droplets r1, r2. 
 
Results and discussion 
Three different coalescence regimes are observed 
during the entire droplet coalescence process, 
including pinch-off in two necks during first necking 
stage (type I) (Figure 2a), pinch-off in one neck during 
second necking stage (type II) (Figure 2b), and stable 
liquid bridge with no pinch-off (type III) (Figure 2c). 
Note that, these results indicate that gravity turns to be 
increasingly pronounced in morphologies development 
of coalescences after the initial expansion of the liquid 
bridge, especially in the final pinch-off process. 
Therefore, we represent these regimes using the Bond 
number (Bo=ρgR2γ--1, which compares gravity to the 
surface tension forces), and the Weber number 
(We=ρu2Rγ--1, which compares inertial to surface 
tension forces). 

 
Figure.2 Evolutions of the liquid bridges after coalescence of 
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the two distilled water droplets. (I) Initial arrangement; (II)-(IX) 
Oscillation of liquid bridge formed by coalescence of droplets. 
Three typical regimes: (a) satellite droplet generated from 
pinch-off in two necks during first necking stage (volumetric 
flow rate: 0.01ml/min, outer diameter: 0.55mm, time interval: 
60ms); (b) pinch-off in one neck during second necking stage 
(0.05ml/min, 0.9mm, 150ms); (c) stable liquid bridge with on 
pinch-off (0.01ml/min, 1.34mm, 150ms). 
 
We use Matlab software to obtain the contour of the 
gas-liquid interface on each image, and plot W, 
normalized by Wmax, as a function of time in Figure 3(b). 
This damping behavior of nondimensional W is clearly 
illustrated by the blue dotted line and exhibits a single 
dominant period intuitively. Using the damped 
oscillation sine function to fit. Then, the dependence of 
the oscillation parameters (A, γ, T) on the pinned 
needle and approaching speed. 

 ( ) 0 sin 2t tw t w Ae
T

δ π φ− ⎛ ⎞= + +⎜ ⎟
⎝ ⎠

  (1) 

 
Figure.3 (a) Typical moments of coalescence process of DI 
water droplets pinched on the needles, corresponding to the 
marked time in (b). At t0 = 0 ms, the droplets are just contact; 
At t1 = 0.5 ms, the liquid bridge expanding, corresponding half 
of width is marked as W; At t2 = 2.9 ms, W reaches its 
maximum value Wmax for the first time; Then it decreases until 
t3 = 6.3 ms; At t4 = 8.1 ms, W reaches the peak once again. 
After several damped oscillation periods, the liquid bridge 
closes to a static state at the final recording time t5= 29.6 ms. 
(b) Normalized width in the middle of the bridge W/Wmax 
versus time; blue dotted line represents the experimental 
results obtain from sequence images; red line is the fitting 
curve by damped sine function. Inset: the residual of W/Wmax 
with fitting. 
 
Furthermore, we analyze the oscillation behavior of 
liquid bridge in the middle position at various volumetric 
flowrates and needle diameters. The damped 
behaviors are significantly influenced by the contact 
condition with the needle tips, conversely, less 
influenced by the approaching speed. 

 
Figure.4 Normalized width in the middle of the bridge W/Wmax 
versus time t. (a) width oscillation of liquid bridge pinned on 
inner diameters 0.2, 0.4, 0.6, 0.8, 1.0 mm (using inner 
diameter for convenience; outer diameters used as analytical 

size) at the same approaching speed; (b) oscillation of bridge 
at 0.01, 0.05, 0.1, 0.15 and 0.2 ml/min volumetric flowrate and 
0.2 mm diameter needle. 
 
We will further study these three regimes and transition, 
especially the pinch-off and damped oscillation from 
aspect of wave instability. 
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We have used high speed video to investigate the 
impact of superfluid and normal liquid helium drops 
onto glass plates and into bulk liquid in the temperature 
range from 1.2-2.5K. The unusual properties of liquid 
helium allow us to explore ranges of parameters that 
are difficult to obtain in conventional systems.  
 
Even in the normal state with T>2.17K, the viscosity 
and surface tension of liquid helium are unusually low, 
so it is easy to prepare drops with Reynolds 
numbers>30,000 or Ohnesorge numbers<0.0005. Our 
experiments with helium drops take place in an 
atmosphere of helium gas whose pressure is 
determined by the vapor pressure curve. Near the 
lambda point, the pressure is approximately 40 Torr. 
Many of the phenomena observed in conventional 
impact and splashing experiments are due to the 
dynamics of the (incondensable) air that is trapped by 
the impinging drop[1]. Experiments with helium do not 
involve an incondensable exterior phase, so the 
dynamics can be expected to be quite different.  
 
Below the lambda point, helium has an inviscid 
superfluid fraction that grows as the temperature is 
lowered. Conventional viscous drops in free fall 
assume a near spherical shape because the initial 
perturbations of pinch-off are damped by viscosity. In 
contrast, falling superfluid drops can have rough 
surfaces and complex, distinctly non-spherical 
shapes[2].     Superfluids are also superconductors 
of heat, which means that removable of latent heat from 
an interface that is evaporating or condensing can be 
very rapid.  
 
We have constructed an optical cryostat with a 
superconducting bellows pump which can deliver liquid 
helium drops in either the superfluid or normal state. 
Impacts of normal phase droplets onto smooth glass 
plates generate splashing and breakup even at very 
low Weber numbers. Superfluid droplets spread without 
splashing. The radius of the fluid rim grows as a power 
law in time with an exponent of approximately 0.4.  
The velocity of the fluid rim can exceed 4 m/s, which is 
significantly higher than the superfluid critical velocity.  
 
Impact of drops into bulk liquid shows a Rayleigh 
breakup structure with a cascade of satellite drops. The 
details of the breakup is dependent on state ( normal or 
super ) of the liquid. Impact of superfluid drops into bulk 
liquid show unusually sharp structures in the vapor 
crater, and extremely fast dynamics in the collapse of 

vapor bubbles.  
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The molten dynamic contact line problem is inherently 

different from isothermal spreading process as 

solidification plays a crucial role in controlling the 

molten contact line arrest and the value of contact 

angle during solidification. In non-isothermal spreading 

followed by phase change, at some point, spreading 

stops due to solidification.  

Many researchers are trying to obtain the final shape of 

the droplet, contact angle and radius of the drop after 

the solidification is complete [1-5] since understanding 

the physics behind the non-isothermal spreading of 

droplet is of utmost importance due to its broad 

applications in diverse areas of industry.  

This work mainly focuses on obtaining important 

physical parameters involved in the process of 

spreading of molten droplets as well as controlling the 

post-solidification geometry of droplets. Here, we will 

examine the solidification in inviscid and impact driven 

region and explain the process both analytically and 

experimentally.  

A complete set of experimental study is performed that 

shows the final radius in the case of free fall of droplet 

under high impact velocity is independent of the initial 

conditions of the impact including the impact velocity 

and temperature gradient at the substrate. The 

analytical modeling of the problem also verifies the 

accuracy of these results.  
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Introduction 
The phenomenon of drop impact on porous media is 
ubiquitous in nature and is associated with 
mechanisms found in various industrial applications 
When a liquid droplet impacts on a porous surface, it 
spreads on the surface and is afterwards absorbed into 
the porous material due to capillary action. The 
spreading behavior of the impinging droplet on the 
surface is known to depend on the properties of the 
liquid, i.e. density, viscosity and surface tension, impact 
conditions such as drop size and impact velocity, and 
the surface wettability and roughness [1, 2]. In addition, 
a jetting can occur. 
 
In this study, we aim to capture the maximum spreading 
and the occurrence of jetting of impinging droplets on 
natural porous stones.  
 
Methodology 
Samples 
Three stones with varying porosity, roughness and 
capillary uptake characteristics are selected, one 
limestone (Savonnières), two sandstones (Meule, 
Pietra serena), Figure 1. Their porosity is 26.9, 16.6 
and 5.1%, respectively. The arithmetic average 
roughness Ra for Savonnières, Meule and Pietra 
serena is respectively 10, 9 and 4 µm while the 
equivalent pore radius Req, defined from pore size 
distribution measurement using mercury intrusion 
porosimetry is respectively 100, 10 and 0.04 μm. 
 

(a) (b) (c)  
Figure 1. Microscope images of porous stones: (a) 
Savonnières, (b) Meule and (c) Pietra serena. 
 
Droplet generation 
Water droplets are generated at the flat tip of a needle 
by pushing a syringe pump. The droplets have an initial 
diameter of 2 mm, reproducible with a relative error of 
1%. Upon release, the droplet accelerates by gravity 
reaching an impact velocity between 0.5 and 3.0 m/s. 
 
Optical light shadowgraphy 
Water drop impact on porous stone is recorded in 
shadowgraphy using a high-speed camera (10 000 
frame per second, 7.38 μm spatial resolution and 5 μs 
exposure time). 

Results 
We present here the results for Savonnières. Figure 2 
shows the time evolution of spreading and a photo at 
maximum spreading. Careful investigation yields that, 
for the porous stones studied, the volume loss of the 
droplet by liquid penetration into the porous substrates 
due to inertial effects at impact can be neglected and 
that mass uptake by the substrate due to capillary 
absorption only starts after maximum spreading of the 
droplet. Such behavior is explained by the existence of 
a partial air layer, which is entrained between the 
droplet and the porous substrate during the spreading 
process preventing penetration either due to inertial 
effects or capillary absorption. 

 
Figure 2: (left) Time evolution of spreading diameter D (red) 
and contact line DCL (black) and (right) snapshots at 
maximum spreading for different impact velocities on 
Savonnières limestone. 
    
Maximum spreading 
The maximum spreading is characterized by the 
maximum spreading ratio βmax= Dmax/D0 and is 
governed by the balance between kinetic energy, 
capillary or surface tension energy before impact and at 
maximum spreading in surplus of the viscous 
dissipation during spreading. Energy balance models 
are commonly formulated using two dimensionless 
parameters: the Weber number (We = ρD0Vi2/γ) 
describing the ratio between the kinetic and capillary 
energy and the Reynolds number (Re = ρD0Vi/μ) 
describing the ratio between the kinetic and viscous 
energy. Here, we apply to porous materials the 
approach of [3] for the corrected maximum spreading 
ratio, where a smooth transition between the capillary 
and viscous regimes is described as: 

�𝛽𝛽𝑚𝑚𝑚𝑚𝑚𝑚2 − 𝛽𝛽𝑉𝑉𝑉𝑉=0
2 �1/2 ⋅ Re−1/5 = We1/2/(𝐴𝐴 + We1/2)  

which is based on the first order Padé approximation. 
Figure 3 shows the corrected measured data 
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as a function of the Weber number 
for drop impact on the porous stones and steel surface. 

 
Figure 3: Rescaled maximum spreading ratio as a function of 
Weber number in log-log plot for the three stones and steel. 
The dotted line is the first order Padé approximation (see Eq). 
 
We show that the maximum spreading can be rescaled 
properly for porous and impermeable surfaces by 
taking the capillary energy at zero impact velocity into 
account [4]. 
 
Jetting 
In our experiments on the porous stones, in a specific 
impact speed range, we see the release of high speed 
singular jets (Figure 4). The release of this singular jets 
was previously reported only during impact on 
superhydrophobic surfaces and proposed to be related 
to the collapse of the air cavity inside the droplet [5]. In 
our experiments we see two different regimes for the 
jetting mechanism on porous surfaces. In the low 
speed regime (Vi<0.65 m/s) it is seen that similar to the 
the impermeable superhydrophobic surfaces, jetting is 
mainly due to the collapse of the cavity during the 
receding phase of the drople. In this regime normally 
several droplets with high speed are ejected from the 
main droplet (Figure 1a). However, by increasing the 
impact velocity, jetting can be attributed mostly to the 
pinning of the contact line with the porous surface. In 
this regime one big droplet with low speed ejects from 
the main droplet (Figure 1b). 

 
(a) Low impact velocity (Vi=0.46 m/s) 

 
(b) High impact velocity (Vi=1 m/s) 

Figure 4. Fast camera snapshots of jetting mechanism at two 
different regimes, on Pietra Serena. 

In Figure 2, the velocity of the ejected jet at different 
impact velocities for different porous and non-porous 
surfaces is given. For all the porous surfaces, the 
highest jet velocity occurs at low impact velocities. The 
jet velocity decreases with increasing impact velocity. 
 
We observe a difference in the jetting behavior on 
porous and non-porous surfaces which suggests the 
effect of the air film formed under the droplet on porous 
surfaces which results in less energy dissipation during 
droplet impact. 

 
Figure 5. Velocity of the ejected jet at different impact 
velocities for different porous and non-porous surfaces. 
 
Conclusion 
We demonstrate that dynamic wetting plays an 
important role in the spreading at low velocity and that 
the dynamic wetting as characterized by the dynamic 
contact angle has to be taken into account for 
predicting the maximum spreading. Correcting the 
maximum spreading ratio for the dynamic wetting 
behavior, we demonstrate that all data for porous and 
non-porous substrates collapse onto a single curve. 
Finally, we observe the occurrence of jetting at low 
impact velocities. 
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The long-wave evolution equation for a liquid film (thin-
film equation) describes the dynamics of free surface 
structures, e.g., drops and ridges on solid substrates.  
These structures may represent ridges in the 2d case 
and drops in the 3d case. The main subject of our work 
is to analyze the behavior of such 3d drops when 
applying a lateral driving force, e.g., inclining a 
substrate of spatially homogeneous or heterogeneous 
wettability.

 

Fig. 1: Sketch of pinned and sliding drop on an incline 
 
Given a homogeneous substrate, i.e., wettability is 
constant in space, any structure slides at any applied 
driving force. The sliding drops are steady states in a 
comoving frame and continuation techniques [3,4] may 
be applied. Continuing in the angle at fixed drop 
volume, (Fig. 2), small inclinations lead to slight drop 
deformations and linearly increasing velocity U [5]. 

  

Fig. 2: Bifurcation diagram (left) and stationary profiles 
(right) of sliding drops 
 
Increasing the driving further, the change in shape 
becomes more significant (solution I). Reaching a 
critical driving force (apearl), which manifests itself in a 
saddle-node bifurcation, drops undergo a pearling 
instability where large drops emit small satellite drops, 
as known from experiments [1]. Also, our everyday 

experience, e.g., drops on a window pane at rainy 
weather, show these transitions. 

As the bifurcation diagram shows, the so-called 
pearling solutions form another solution branch (A) 
obtained by direct numerical simulation. Due to the 
periodic boundary conditions in sliding direction the 
emitted drop coalesces again with the larger drop, i.e., 
these solutions represent pearling-coalescence cycles. 
Following the main branch, the now linearly unstable 
drop elongates (II). After a second saddle-node 
bifurcation, a branch of linearly stable non-trivial sliding 
drops (IV) is found, i.e., a region of multi-stability 
occurs. Inclining the substrate further the drop 
undergoes a transition to a ridge state. Related details 
depend on the domain size and are therefore not 
discussed here.  

From our everyday experience, we know that most of 
the drops of small volume do not move at all, but rest 
at certain spots on the window. This is due to small 
inhomogeneities of the substrate. To cover these 
effects, we next consider heterogeneous substrates, 
namely, substrates with wettability patterns. Here, we 
focus on a case where spots of larger wettability occur, 
where drops tend to remain pinned. Again, applying 
continuation techniques, we continue in the drop 
volume at fixed inclination angle (Fig. 3). 

 

Fig. 3: Bifurcation diagram (left) and solutions (right) of 
pinned drops 
 
Beginning at rather small volumes (I) the drop mainly 
covers the wettable spot (black dashed circle). 
Increasing the volume, a primary saddle node 
bifurcation (Vdepin) occurs defining the largest stable 
pinned drop. Drops of larger volume do not pin but 
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undergo a stick-slip motion as analyzed for 2d drops in 
[2]. Following the main branch, a series of saddle 
nodes results in non-trivial elongated pinned solutions 
(IV), which are however unstable. For even larger 
volumes the solution branch ends on a ridge state in 
analogy to the case of a homogeneous substrate. 

The saddle node bifurcations at apearl and Vdepin may be 
continued in the plane spanned by inclination and drop 
volume over several orders of magnitude and be 
represented as power laws (Fig. 4, also see [5]). 

 

Fig. 4: Power laws of pearling and depinning 
instabilities 
 
Direct numerical simulations on large domains, give us 
the statistics of ensembles with hundreds of individual 
drops (Fig. 5). 

 

Fig. 5: Snapshot of a large-scale direct numerical 
 simulation 
 
Employing kernel density estimates of drop volumes 
allows us to determine volume distribution functions. 
These tend to a stationary state. Comparing the latter 

with the critical volumes for the pearling instability 
reveals the predictive character of the results obtained 
by single drop continuations. Here, the threshold 
volume for pearling at different inclinations is 
connected to the upper inflection point of the 
corresponding volume distribution (Fig. 6). 

 

Fig. 6: Stationary volume distributions and single drop 
volume continuations for different inclination angles 
 
All numerical results are obtained by implementation of 
the thin film equation into the continuation-toolbox 
PDE2PATH [3,4] and the open source framework 
DUNE [6].  
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Colloidal particles at interfaces between isotropic fluids 
interact via capillarity. Particles distort the interface 
around them to satisfy wetting or pinning conditions at 
the three phase contact line, and migrate to lower the 
interfacial area. These interactions have aspects that 
are universal, and others that are remarkably sensitive 
to particle shape. (1-3) 

When the interfaces are curved, the interface shape 
and area around the particle depends on the curvature. 
As a result, particles move along curvature gradients. 
The curvature field acts on the colloids like an external 
electric field on charge multipoles. Again, universal 
behavior is observed for particles that are small enough, 
as leading order modes in the interface distortion 
dictate particle trajectories. Small particles are attracted 
to regions of high curvature. (4-6) 

For larger particles, however, more complex 
trajectories occur.  Experiments performed for colloids 
on curved fluid interfaces molded around a micropost 
are presented for disks, spheres and cylinders are 
discussed, along with supporting theory.  

Such curvature directed motion occurs in other systems. 
Colloids adhered to giant unilammelar vesicles can also 
distort the lipid bilayer around them.  Considering the 
deformation field in the context of a Helfrich model, 
particle sourced distortions impose a curvature cost 
owing to finite bending moduli, or an area cost owing to 
finite tensions. On vesicles that are tense, the curvature 
cost becomes a weak correction.  In this limit, there 
are important analogies between the colloid’s behavior 
of lipid bilayers and on interfaces between isotropic 
fluids.   We discuss theory and experiment in which 
colloids move along well defined curvature gradients 
akin to the migration reported on isotropic fluid 
interfaces. (7) 

These are but two examples of assembly driven by 
geometry and confinement in soft matter. Time 
permitting, other examples, including lock and key 
assembly of colloids in confined nematic liquid crystals 
(8) and directed assembly of nanoparticles in liquid 
crystalline hosts will be discussed.   
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