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Exploiting Interfacial Phenomena to Expel Matter from its Substrate
Ranit Mukherjee

(Abstract)

Spontaneous expulsion of various forms and types of matter from their solid substrates has
always been an integral part of interfacial physics problems. A thorough understanding of
such interactions between a solid surface and different soft materials not only expands our
theoretical knowledge, but also has applications in self-cleaning, omniphobic surfaces and
phase-change heat transfer. Although there is a renewed interest in the design of robust
functional surfaces which can passively remove highly viscous liquids or dew, or retard ice
accretion or frost formation, the physics of several dewetting and/or deicing mechanisms
are yet to be fully understood. Even though we know how jumping-droplet condensation
offers significantly better heat transfer performance than regular dropwise condensation and
can liberate foreign particles, fundamental questions on the effect of surface orientation
on jumping-droplet condensation or how it helps in large-scale fungal disease epidemic in
plants are still unanswered. Thus, we first try to fill the knowledge gap in jumping-droplet
condensation by characterizing their orientation-dependence and their role in a large-scale
pathogenic rust disease dissemination among wheat. Unfortunately, understanding of such
dewetting mechanisms does not necessarily translates to prevention or removal of ice and frost
on subzero surfaces. Use of superhydrophobic structures or hygroscopic materials to retard
the growth of frost was found to be limiting. Therefore the search for an efficient, inexpensive,
and environmentally favorable anti-icing or de-icing mechanism is still underway. Here we
give a framework for making a novel de-icing construct by analyzing a peculiar jumping frost
phenomena where frost particles spontaneously jump off the surface when a polar liquid is
brought above. Lastly, we demonstrate a simple and cost-effective technique to design a
slippery liquid-infused surface from low-density hydrocarbon-based polymers, which is able
to effectively remove a wide variety of soft materials. The main all-encompassing theme of
this dissertation is to enhance our understanding of several dewetting phenomena, which
might enable better design and/or mitigation strategies to control the expulsion of various
forms of matter from a wide variety of surfaces.
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(General Audience Abstract)

A few years back, a laundry detergent company in India came up with a famous ad campaign;
it showed kids coming home from school with dirt all over their clothes to face the wrath of
their parents. Rather than casually disparaging their mischievousness, the ad would make
us think with their tagline: “Agar daag1 lagne se kuch achha hota hain, toh daag achhe hain
na? (Fig. If something good comes out of a mess, is it a mess?)”. While this presents
to us an excellent philosophical conundrum, in reality, we always find ways to get rid of
foreign materials from surfaces of everyday use. Using water or dirt-repellent coatings on
our shoes/clothes/car windshields or in worst case, spending hours trying to clean frost off
our cars is something we are all familiar with. Finding innovative ways to remove unwanted
materials from surfaces is not limited to humans, but also exhibited by various natural
organisms. The excellent water repellency of lotus leaves, antifogging abilities of mosquito
eyes or cicada wings, and slipperiness of pitcher plants are just few examples of natural
self-cleaning surfaces designed to keep foreign materials or dew droplets off the surface.
Sometimes we take a leaf or two out of these natural designs to help our cause.

Surfaces with extreme water repellency are called superhydrophobic (hydro: water, phobos:
fear). For a long time, gravity was considered to be the only passive droplet removal mech-
anism on these surfaces. About ten years ago, researchers found out that when two or more
small dew droplets come together on these surfaces, they jump off the surface. Compared
to the gravity removal, much smaller droplets can be removed via this method resulting in
better anti-fogging qualities and heat transfer performance on the surface. As the jumping
droplet event itself is independent of gravity, it was long assumed that the performance of
these surfaces would not be dependent on their orientation. These jumped droplets can also
take off with contaminating particles by partially or fully engulfing them. A recent study
has brilliantly showed how rust spores are liberated from the superhydrophobic wheat leaves
via jumping dew droplets. This fundamentally new mode of pathogen transport is yet to be
fully understood at the same scale as we know wind or rain-induced fungal spore transport.
In this work, we try to fill the knowledge gap by answering questions such as whether the
surfaces with the abilities of gravity-independent jumping-induced droplet removal ironically
fail to gravity and how far can spore(s) travel engulfed in a jumped droplet.

But it is not just water droplets (or particles collected by water droplets) on a surface that we
want to get rid off. The solid phase of water, i.e., ice or frost, when formed on regular surfaces,
is actually harder to remove. The common ice-preventing surfaces are generally unable to
stop complete frost formation and forces us to use salt or other moisture attracting chemicals
to remove ice from a surface, knowing very well what is the economic and environmental cost
of these chemicals. Here, we have introduced a novel de-icing mechanism by holding only a

1Lit. stain, Fig. mess



drop of water over a sheet of frost. The simplicity of our experimental setup may remind
you the home physics experiments we all did in our childhood.

We finish our discussion by designing a slippery surface from regular polymer films used in
food packaging. Although the idea behind these slippery surfaces has been around since
2011, polyethylene films have never been used to make such surfaces before. Here, we
show through extensive characterization that by choosing a suitable lubricating oil and a
polyethylene-based film, we can finally get all of our ketchup to slide out of their packets,
without struggle.

If the future design of superhydrophobic condensers, de-icing constructs, or slippery surfaces
benefit from the work reported here, may be I can finally say with certainty, “Daag Achhe
Hain (Dirt is good.).”
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Chapter 1

Background Information

1.1 The process of condensation

We will start with a story. A story that involves condensation, violent jumping, and spores.
All of which (and some more) will be part of this dissertation. The story (probably) starts in
the late 19th century when a mycologist, Victor Fayod, first noticed the formation of a small
droplet near the base of certain basidiospore [1], just before they are forcibly discharged into
the air. We will find out much later that this happens with most basidiospore discharge, also
called ballistospores due to their violent discharging process. Unfortunately for Fayod, the
recognition for this discharging process went to Buller, who was the first to extensively study
the so-called “droplet mechanism” of spore discharge [2]. Although he found out that the
droplet is responsible for the discharge, he could not figure out its exact role on the discharge
process. It was found out much later that this droplet, now of course, called Buller’s drop,
forms via condensation of water [3, 4]. The relative humidity in regions of fungal growth
is rather high which is helped by the hygroscopic chemicals secreted by the spore. Apart
from the Buller’s drop, on the surface of the spore itself, a lens of condensate forms. Once
the Buller’s drop and the droplet on the spore coalesce, the violent discharge (estimated
acceleration of about 10,000g) occurs as the loss of kinetic energy is sufficient to provide the
extreme kinetic energy. The cartoon in Figure 1 might be better at explaining the whole
ballistospore discharge process.

Now that we have introduced all (almost) the necessary concepts: spore dispersal, condensa-
tion of water vapor, and surface tension-induced jumping droplets, we will build upon them
in the next few sections.

1.1.1 Evolution of condensation

Condensation is a common phase change phenomena occurring so frequently around us that
we do not think of how complex the process of “breath patterns” formation on a variety of
surface is [5]. There is an energy cost associated with the formation of a convex liquid droplet
shape from the ambient vapor phase. The first step is the formation of a stable nanometric
liquid droplet which will not be evaporated. For this, the free energy of the vapor phase has
to be more than the energy of convex liquid-vapor surface formation. The total change in
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Figure 1.1: Ballistosporic discharge. Diagram for the ballistosporic discharge in some basid-
iomycetes. The actual spore grows on sterigma. Just before the discharge of the spore, a
droplet, called Buller’s droplet forms on the joint between the spore and the sterigma. While
this droplet grows via continuous condensation, a film of water condenses on the spore sur-
face above the sterigma. The violent discharge occurs when the Buller’s droplet coalesce
with the film of water on the adjacent spore surface.

free energy associated with the change of phase from vapor to liquid for a volume of gas V
is W =4π∆eR3/3, where ∆e is the change in volumetric free energy and R is the radius of
the corresponding water droplet. The energy cost associated with the liquid-vapor surface
formation is 8πRγ. We can now find out the critical radius R for a nucleating water droplet
which corresponds to the maximum total energy of formation of a small liquid droplet from
vapor phase. The total energy of formation is:

W =−4

3
πR3∆e+ 4πR2γ. (1.1)

For the maximum W ,

∂W

∂R
=0=−4πR2∆e+ 8πγ

4πR2γ =8πγ

R∗=
2γ

∆e
,

(1.2)

where R∗ is the minimum radius required for the embryo to grow (not collapse).

For water, at normal temperature and pressure, this value is about R∗≈ 1− 10 nm [6]. But
knowing the stable nucleating droplet size is only part of the story, as the nucleated droplet
has to continuously grow by vapor diffusion from the ambient. If such a nucleating droplet
forms on a space which is at an ambient relative humidity of 100%, it would evaporate
instantly. This is because the vapor pressure just outside a curved droplet, pr is different
from the vapor pressure above a flat surface, p∞. This relation, for a droplet of size r, was
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provided long ago by Lord Kelvin [7] and later, written in the form below by a PhD student,
Robert von Helmholtz in his dissertation [8]:

ln pr
p∞

=
2γM

rRgTρ
. (1.3)

For an ambient temperature of 20 ◦C or T =293K, pr
p∞

≈ exp(1.09× 10−9/r). For a droplet
of size between 1-10 nm, pr is generally more than p∞, but not by much. Thus, for a droplet
to not evaporate after nucleation, the supersaturation has to be proportional to pr

p∞
which

increases exponentially as r decreases [9]. In fact, for the formation of a nanometric droplet
the supersaturation needed is about 3 which becomes 235 for a droplet of size 2 Å. Thus
in normal conditions, any small nucleating droplets in space (homogeneous) will evaporate
instantly. But we know from our experience that water condenses on surfaces around us
at much lower supersaturation (or much higher ambient temperatures). This is because
nucleation of a droplet in all of these and most cases occurs on either a macroscopic flat
substrate or microscopic foreign particles. This reduces the energy spent on creating a
liquid-vapor interface drastically as now we don’t need to worry about creating a complete
sphere which is the case if the nucleus is forming in a bulk. This is why it is easier to form
condensing droplets on hydrophilic surfaces (lower contact angle) than on hydrophobic or
superhydrophobic surfaces.

The difference in the nucleation rate between these two modes of nucleation becomes much
more apparent for the case of “soda geysers” (Fig. 1.2): formation of carbon dioxide bubbles
via homogeneous nucleation within the liquid bulk is energetically costly. But most of the
de-gassing occurs due to few pre-existing bubbles which act as nucleating surfaces (hetero-
geneous nucleation) for carbon dioxide bubbles to form and escape the liquid. This is a slow
process. If we now drop a Mentos into the soda, the millions of surface cavities in the mentos
introduces millions of sites for nucleation and forms the violent geyser of buoyant bubbles.

That the energy barrier of heterogeneous nucleation during vapor to liquid phase change is
dependent on the droplet and substrate contact angle, we see different condensation patterns
on surfaces (Fig. 1.3). If the contact angle is near zero, such as for glass and clean metal
surfaces, the water forms a film (filmwise) which appears dark to us. For non-wetting
substrates such as wax-coated natural and artificial surfaces or teflons, nucleation occurs
as discrete drops (dropwise) which can scatter lights and thus we see the familiar sparkling
dew droplets on grass. In fact, during the early years, it was thought that metal surfaces such
as gold, silver are natural surfaces for promoting dropwise condensation. But it turned out
that over time metal substrates are covered with fatty impurities which makes them more
non-wetting than their cleaner counterparts. On this note, it should be mentioned that
surfaces which only shows filmwise condensation can also promote dropwise condensation
if the condensing liquid is changed from water to a higher surface tension liquid. Back
in the 70’s, investigations on the condensation of mercury vapor on metal surfaces showed

3



Figure 1.2: Physics of soda fountains. When mentos meet soda water, the rough asperities
on the mentos provide millions of spots for the carbon dioxide bubble formation. The result
is the violent eruption of bubbly soda water as the bubbles all try to escape together once
the soda cap is opened. The rightmost eruption is almost 3 m high. Image courtesy: K.
Shimada, wikimedia commons.
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Figure 1.3: Two most common modes of condensation. (A) Condensation on most clean
metals or glass or other hydrophilic substrates. A thin layer of condensate is formed on the
surface in this mode of condensation. This severely hinders further heat transfer from the
ambient to the surface. (B) Enter a more efficient mode of condensation where instead of
a thin films, condensates form discrete droplets.These droplets eventually coalesce and frees
up more area for further condensation, thereby increasing the heat transfer.

continuous dropwise condensation as well as jumping-droplet condensation [10] (Fig. 1.4),
much before it was discovered that superhydrophobic substrates can promote the same effect
with condensing water [11].

From a practical viewpoint, dropwise condensation are much more desirable than filmwise
condensation, especially on heat transfer devices [12]. This is because in filmwise condensa-
tion, the entire surface is covered with low conductivity water which inhibits the latent heat
transfer from the vapor to the substrate. In dropwise condensation, on the other hand, the
condensation occurs as discrete droplets leaving spaces in between them for further nucle-
ation. After the initial growth from direct vapor condensation, the droplets grow larger via
coalescence which always reduces the wet surface area. This is also the reason why constant
surface coverage by the condensing droplets is typical to continuous dropwise condensation
(Fig. 3.7). This directly leads to the realization that if the free space between condensing
droplets are increased, that will act as nucleation sites for more condensation and better
phase change heat transfer will be achieved [13]. In fact, it has been shown that the heat
transfer coefficient of a condensing surface increases exponentially as the maximum conden-
sate size on the surface is decreased [14]. But in reality, due to surface defects or design
constraints, not all the condensates can be removed from the surface which eventually flood
the surface resulting in inferior filmwise condensation [15].

Continuous droplet removal can be passively achieved using gravity, such that condensates
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32 M. KOLLERA u n d  U.  GRIGULL W~rme- und  Stoff- 
l~ber t ragung 

Bild 1 zeigt einige Bahnen abspringender Tropfen, 
wghrend auf Bild 2 ein dunkler Fleck jene Stelle kenn- 
zeiehnet, yon der nach dem Zusammensehlu$ zahl- 
reieher kleinerer TrSpfchen ein gr6gerer Tropfen ab- 

dag der ZusammenschluB reversibel erfolgt, berechnet 
werden kann. 

a) G l a t t e  O b e r I l £ c h e  
SchlieBen sich auf einer glatten Oberfl£che n Tr6pf- 

ehen, die durch Kugelkalotten dargestellt werden und 
den Durchmesser d~ haben (Bild 3), zu einem Tropfen 

Bild 3. Grenzf lgehensp~nnungea  ~m Tropfenr~nd. 

Bi ld  1. Buhnen abspr ingender  Tropfen (5~uBst~b 4 :  1). 

gesprungen ist. Die gr6gten der abspringenden Tropfen 
haben Durchmesser yon etwa 0,4 mm. Das Abspringen 
erfolgt so h/~ufig, da$ der Eindruek des Absprtihens 
entsteht. 

Bild 2. Freie Stelle (d~mkler F leck  auf dem Bild) en t s t anden  du tch  
Vereinigmag mehrerer  TrSpfchen zu einem grOgeren ubgesprungenen 

Tropfen (Mal3stab 10 : 1). 

Sind die Oberfl~chen der TrSpfchen verunreinigt, 
z .B.  durch kondensierten Wasserdampf in der Kam- 
mer, dann finder kein ZusammenschluB start. 

Energiebflanz beim reversiblen Zusammensehlul~ 
mehrerer Triipfehen 

Bei der Vereinigung mehrerer QuecksilbertrSpfchen 
auf einer starren Unterlage zu einem Tropfen, der bei 
diesem Vorgang yon der Oberfl/~che abspringt, wird 
Oberflgchenarbeit abgegeben, die unter der Annahme, 

zusammen, der nach dem Absprung den Durchmesser 
d 3 hat, so setzt sich nach F. K. D u ~  [4] die 0ber- 
fl/~chenarbeit aus der Summe folgender Teil~rbeiten 
zusammen: 

1. Arbeit wird aufgewendet bei der Bildung neuer 
Oberfl£che des FestkSrpers : 

d ~ Ata = --atan~ ~ sin2~. (2) 

2. Arbeit wird abgegeben beim Versehwinden der 
Grenzfli~che : 

d 2 
A m = a t f ln~ ~ -  sin20 ' . (3) 

Die Summe Ata + Affl ist positiv, wenn der Rand- 
winkel z9 > 90 o ist. Diese Summe l~13t sich unter Be- 
nutzung einer Beziehung yon T. Y o u n g  [5] 

-~ t l~  cos~ = ~m --  ~to (4) 
in folgende Form bringen : 

d~ Ara + Aftl = --aria cosy ~nst ~ -  sin20. (5) 

3. Arbeit wird abgegeben bei der Abnahme der 
freien Oberflache der Fliissigkeit: 
Alia - :  --~rld AOfia 

----o'tid~ [n 4d~ ( 2 -  2cos~)--d~] 
Die gesamte Arbeit  wird 
A ~  : At~ + At~l + Atld 

- - - -  atla7~ [n --~-d~ (2 --  2 cos~ - - s in2~ e o s t ~ ) -  d~] 

= ~fla ~ n ~ -  ( c o s a 0  - 3 c o s ~  + 2) - d§) . (7) 

Zwischen dem Durchmesser d 1 der n TrSpfchen vor der 
Vereinigung und dem Durchmesser d 3 des abgesprun- 
genen Tropfens besteht die Beziehung 

dl : da -n(cosaO - 3cost~ + 2) " (8) 
Damit  wird die Arbeit 

A~es  = ( r r l d d g ~  [ n~/~ cos30 - -  3cos~4 + 2 - -  1 ( 9 a )  

Figure 1.4: Mercury jumping. Condensation of mercury vapor on a steel surface resulted in
dropwise condensation. The droplets jumped off the surface after coalescence. The figure is
taken from a seminal study by M. Kollera and U. Grigull on the bouncing off phenomenon
of condensing mercury droplets. Reprinted here with permission from [10].

reaching the capillary length (length-scale where surface tension balances the weight of the
droplet) will slide down the surface [15]. Active mechanical vibration [16] or wind shear
force [17, 18, 19] have been employed to remove droplets from a surface at small scales. For
the passive gravitational removal, for a long time, the focus has been on finding a durable
“dropwise promoter” whose job would be to make the surface hydrophobic, i.e. decrease
the adhesion or contact angle hysteresis. As most of the coatings failed over a long time of
condensation, increasing their thickness was the only way to increase their durability [13].
But the cost of increasing thickness was less efficient heat transfer. Later, with the advent
of superhydrophobic surfaces which are even better in repelling water droplets at smaller
scales, it was thought that finally the deadlock has been broken. Unfortunately, due to the
nanometric size of the nucleating condensates, they tend to grow from within the textures of
these surfaces resulting in impaled droplets which are even harder to remove via gravity [20].
But not all hope is lost with superhydrophobic surfaces, as we will see in the next section.

1.1.2 Jumping-droplet condensation

We talked about jumping condensates in the previous section while talking about the conden-
sation of mercury vapor on steel surfaces. About 40 years later, Boreyko and Chen would find
that jumping droplet condensation is possible with water vapor also [11]. Their surface was
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a hierarchically structured (i.e micro-posts with nano-roughness on them) superhydrophobic
surface where water vapor condensed as discrete and almost spherical shaped droplets. Once
two or more such droplets coalesced, the total surface area and consequently the total surface
energy decreases. This excess surface energy for the coalesced droplet supplies the jumping
velocity, v, normal to the surface as in below-

γR2∼ 1

2
ρR3v2

v∼
√

γ

ρR
.

(1.4)

But this energetic viewpoint tells us nothing about the process before the jumping and how
the surface and droplet interaction plays a role in the jumping. Figure 1.5 is a sketch for
the whole process [21]. As the two spherical droplet grows, they eventually touch each other
and a liquid bridge is formed above the surface. The quasi-spherical shape of the droplets
ensure that the liquid bridge forms above the surface. The bridge keeps growing and hits the
surface once it grows beyond the droplet size. The very low adhesion of the superhydrophobic
surface ensures that the bridge does not get stuck on the surface. Rather, it exerts a reaction
force on the bridge and the droplet is propelled upwards. We can explain the jumping of the
mercury condensates on the steel surface via the same logic as mercury contact angle on metal
substrates is very high as well as their mobility. Although the jumping-droplet condensation
was first observed on artificial superhydrophobic substrates [11, 22], later reports have come
out to show that even natural surfaces like cicada wings [23], and wheat leaves [24] all exhibit
this phenomena with some interesting effects.

Usually droplets with diameter in the order of 10-100µm has been observed to be par-
ticipating in the jumping events [11, 22, 25]. But even smaller droplet departure size of
500 nm has been reported in literature [26]. Due to such extremely small droplet departure
size, jumping-droplet condensation is about 30% more efficient than regular dropwise con-
densation [22]. Moreover, as the jumping event itself is a capillary-inertial event with no
gravity-dependent terms, it was long thought that the performance of a condensing surface
exhibiting jumping-droplet condensation would also be independent of surface orientation
[27, 28]. We will see in Chapter 3 when this common understanding fails.

1.2 The road to liquid-infused surfaces

The first mention of superhydrophobicity was back in 77 AD, by Pliny the Elder, a naturalist
in the Roman empire [29]. He saw beads of water on some wooly plants which we now know,
is a feature of superhydrophobicity. But, proper characterization of artificial patterned su-
perhydrophobic surfaces became available only at the end of the 20th century [30, 31]. After
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Figure 1.5: Steps for jumping-droplet condensation. (A) Two micrometric (lowest size gen-
erally varies within 2-10µm) droplets coalesce on a nano or hierarchically-textured surface.
(B) Formation of liquid bridge above the surface. (C) Impact of the bridge on the surface.
(D) The reaction force exerted by the surface on the droplet propels it upward.
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Figure 1.6: The hemiwicking process. Roughness, here modeled with square posts, enhances
the affinity of a liquid to a solid substrate. A liquid which wets or spreads on a flat solid,
would invade the air pockets within the roughness and replace the solid-vapor interface with
a solid-liquid and a liquid-vapor interface. This is the basic of hemi-wicking. A droplet
placed on such a textured solid would first impale the texture just beneath and then would
sit on a composite of solid and liquid with a contact angle less than that in an Wenzel state.

the advent of modern manufacturing techniques, making a surface superhydrophobic has be-
come as easy as spraying with a solution containing millions of nanoparticles [32]. Whether
made through advanced photolithography techniques [25] or by a $10 colloidal solution, all
superhydrophobic surfaces work on the same principle [29]: if we increase the roughness
of an already hydrophobic solid, due to the air trapped within these roughness, a drop of
water will sit on a mixture of solid and air, further reducing the surface energy of the com-
bined surface. This is called the Cassie state of wetting. Once superhydrophobic surfaces
became more common, the next decade saw a wave of research that went into understand-
ing their low adhesiveness, potential heat transfer and self-cleaning applications, as well as
limitations. But soon we realized that the air pockets which make the superhydrophobic
surfaces extremely water repellent are the very reason of their downfall. Impacting droplets
or hydrostatic pressure can displace the air from the pockets and impaling the structures
in the process. The micro and nano-structures are also very prone to damage and clogging
via impurities which increases adhesion locally. This is why even after more than 20 years
after their introduction, the use of superhydrophobic surfaces in practical applications never
caught on. It was necessary to find an alternative durable omni-repellent surface. It turned
out the answer was in front of us all along.

About 100 years before the famous Kao corporation reports which kickstarted the whole
research on superhydrophobic surfaces [30, 31], Wenzel proposed a relationship [33] between
the apparent contact angle of a droplet on a textured solid (θ∗) and the equilibrium contact
angle (Young’s angle) on a flat solid of the same material (θ) as cos θ∗=r cos θ, where r is the
roughness ratio of true surface area over apparent surface area. As r is always greater than 1
by design, we can readily see what we described in the last paragraph: a hydrophobic surface
(cos θ<0) will become more hydrophobic and a hydrophilic solid (cos θ>0) will become more
hydrophilic when roughness is introduced on a flat solid. On such a textured hydrophilic
solid, a drop of water will instantly impale the underlying textures forming what is known
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as the Wenzel state. But another interesting wetting state can be seen on rough hydrophilic
surfaces where not only the structures just beneath the droplet is impaled (Wenzel state),
but the liquid invades into the underlying textures beyond the three-phase contact line of the
droplet and the droplet sits on a composite structure of solid and liquid [34],. If this wetting
process sounds similar to wicking inside a porous solid such as a sponge or a paper towel, that
is because a solid surface decorated with textures is a two-dimensional approximation of a
three dimensional porous medium [35]. But the similarity ends there. When a liquid invades
a porous solid, it replaces the one phase (solid) with another (liquid). The criteria for this
case is i.e, γSV>γSL. From Young’s equation, γSV−γSL=γ cos θ which means for any θ<90◦,
a liquid will wick into a porous solid. But for the case of a liquid invasion into a textured
two dimensional surface, one interface is replaced with two: solid-liquid and liquid-vapor
[34]. Such an imbibition process is shown in Fig. 1.6 using a model textured surface made of
microposts [36]. In this process, a liquid invades the air pockets within the textures but the
top of the posts remain dry making it a partial wetting state. As this is between the complete
wetting state on a flat solid (θ=0◦) and wicking (θ<90◦), the term “hemi-wicking” is often
used to describe this situation. The condition for hemi-wicking can also be derived from a
simple energy balance: when a thin precursor film of liquid is displaced by an amount dx, the
corresponding surface energy change is written by, dE=(r − φ)(γSL − γSV)dx+ (1− φ)γdx.
Here the first term considers liquid replacing the solid-air interface within the microposts
and the second term represent the liquid-air interface energy where the liquid is flush with
the top of the posts but the post tops themselves are dry. For better understanding, r is
the factor representing total roughness area over the apparent surface area and φs is the
area fraction of top of posts over the apparent surface area. Thus, a precursor film will only
progress and fill the cavities if dE < 0 which along with the Young’s relation, gives us the
criteria for hemi-wicking, cos θ > cos θc or θ < θc where cos θc =

1−φ
r−φ

. Interestingly, both the
conditions for wicking inside a porous media (r→∞ which makes θc = 90◦) and complete
wetting on a flat surface (r=1 which makes θc=0◦) can be recovered from the hemiwicking
criteria. To summarize, on a hydrophilic solid (θ<90◦), if θ>θc, a liquid droplet will follow
the Wenzel rule and invade the roughness beneath the droplet creating a Wenzel state, but
the area beyond the drop remains dry. But when θ < θc, the drop exists on a composite:
islands of solid and a film of the same liquid with a non-zero angle which is higher than
the angle predicted by the Wenzel relation. For any textured surface, i.e, a surface with
unknown φ, the criteria for hemi-wicking is cos θ>1/r [35].

This theory of hemi-wicking would later be used to make certain self-cleaning surfaces which
are also much more durable than superhydrophobic surfaces. The impregnating liquid can be
chosen carefully to repel specific substances. Generally, oils are popular choice for lubricat-
ing liquids. Textured hydrophobic surfaces (i.e., superhydrophobic) are generally completely
wetted by oil (θ=0◦), such that the condition of cos θ > 1/r will always be satisfied. Thus
when such a surface is brought over an oil bath or an oil droplet placed over the surface, oil
will propagate into the texture as a thin film until the cavities are completely flushed. Ori-
entation of the surface does not matter for the oil film progression because the main driving
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Figure 1.7: Two cases of droplets on SLIPS. A water droplet can stay on a liquid-infused
surface in one of two ways: (1) the water droplet sits on top of the oil layer without displacing
it or (2) the droplet displaces the oil and touches the solid surface underneath.

force is capillary. These hemi-liquid, hemi-solid surfaces are called slippery liquid-infused
surfaces (SLIPS) or liquid-impregnated surfaces (LIS) [35, 37, 38]. These are characterized
by an apparent angle close to 90◦, extremely low contact angle hysteresis (∆θ < 1◦), and
higher durability to mechanical abrasion or pressure. Figure 1.8 shows a water droplet on a
liquid-infused surface. The oil ridges on the side of the droplet arises due to the vertical com-
ponent of the water-air surface tension force [38, 39]. This same vertical component is also
present on a completely solid substrate, but as the solids have higher elastic modulus E, the
strain or size of the annular ridges around the droplet is non-existent (as δ∼γ/E). Once a
droplet of an immiscible liquid (like water is immiscible in oil) is placed on the liquid-infused
surface, two things can happen: the droplet might sink in and touch the micro/nano-textures
underneath or it will float on the oil layer with the islands of solid in between [35] (Fig. 1.7).
Extreme repellency will only happen if it is the second scenario. Thus we need to find the
energy criterion which makes the second scenario energetically favorable. The total surface
energy in the first scenario is E1 = γwa + γwo + γos, while in the second scenario the total
surface energy can be written as E2=γwa + γws. The second situation will prevail if E2<E1

or γwo + γos<γws. By replacing the solid-liquid surface tension will liquid-air surface tension
(easier to measure), we get the final energy criterion for floating and easy removal of the
droplets from the surface: γoa cos θ1 − γwa cos θ2 − γwo >0, where θ1 and θ2 are the Young’s
contact angle of oil and water on a flat solid of the same material. While this criterion suc-
cessfully predicts whether the droplet of water will float or sink, it can not predict whether
oil will cloak the water droplet. An example of a droplet cloaked by a thin oil film is shown
in Fig. 1.8. Cloaking is an important issue as oil slowly drains from the liquid-infused surface
via these cloaked droplets [38]. The cloaking criterion can also be similarly found out by
comparing surface energy for the cloaking and no-cloaking case. The surface energy for an
oil-cloaked droplet is simply, Ecloak=γoa+γwo+γwo+γos and that for a non-cloaking case it is
Eno-cloak=γwa +γwo +γos. Cloaking will happen if Ecloak<Eno-cloak or γwa −γwo −γoa>0. For
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durable slippery coatings, we want to choose the surface, the droplet, and the oil combination
in such a way that both the criteria for floating and no cloaking are satisfied.

Figure 1.8: Basics of SLIPS. A micro or nano-textured surface forms the basis for SLIPS
or LIS. The surface generally is hydrophobic or in other words olephilic, which increases
its affinity towards the lubricating oil (yellow). Thus, a strong capillary attraction between
the substrate and the thin oil layer is formed. A water droplet (Blue) immiscible in the
lubricating oil slides down this super-repellent surface with ease. Also notice the capillary
ridges on either side of the droplet which arises due to the vertical component of the water-
air surface tension. Also, whether the droplet will be completely cloaked by the oil or not
would depend on satisfying an energy criteria.

Numerous manufacturing techniques have been proposed for making such liquid-infused sur-
faces (a comprehensive list is given in the Introduction of Chapter 7), each with their own
sets of benefits and limitations. But, how such a surface is prepared does not affect the
characteristics of these surfaces [35]. SLIPS have been made on various substrates with a
functional rough layer and by dip coating or spin-coating (which creates a uniform thin film)
or by contacting with a reservoir of oil and using gravity or capillarity for propagation. The
main objective is finding appropriate lubricating oil and surface combination where the oil
wets the surface and the textures on the surface holds on to the thin oil film via capillary
attraction. In Chapter 7 we will talk about making such a slippery liquid-infused surface on
a hydrocarbon-based polymer film.

1.3 The process of frost formation

There is a 3 min sequence in the Hollywood movie “The Day After Tomorrow” which starts
with people running from an invisible threat in a city covered with a thick snow. After a few
seconds, we spot the threat: a rapidly moving frost front that, as soon as it touches a surface,
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it becomes frozen solid regardless of its initial state. The fabric with the American flag is also
not spared from this frost propagation. Eventually our hero stops this seemingly unstoppable
frost front by closing the door on its face and burning books to create heat. Thankfully, not all
of us need to endure three hours of bad acting, worse background score, and childish at best
writing to understand the enormous impact of frost accretion in our lives. Frost accumulation
on energy and transportation infrastructures including HVAC systems, power grids, aircraft
engines and wings, roads, and buildings not only causes loss of efficiency [40] but can also
be fatal in extreme cases. Frost on a solid surface can form in two ways: water vapor from
ambient can transform directly into ice in a process known as desublimation. However,
in most cases the water vapor first condenses into supercooled liquid droplets, which later
freezes into ice. This is called condensation frosting, which requires significantly lesser degree
of supersaturation than desublimation. As condensation of droplets precedes frost formation
in the second scenario, early research ideas proposed superhydrophobicity as a method to
retard frost formation. Apart from the gravity removal of droplets before heterogeneous
nucleation occurs on the condensed droplets, nanostructured superhydrophobic substrates
also demonstrate droplet removal via jumping-droplet condensation.

There are two ways to reduce or remove frost on a surface- the active method uses energy
input or hygroscopic chemicals like glycol or salt [41, 42, 43] to remove frost from surfaces
once it is formed. Apart from being an energy-inefficient process, the hygroscopic materials
lose their hygroscopicity over time as they attract more moisture. Excessive use of salt on
roads is also detrimental for the environment. Thus, passive defrosting techniques are being
preferred where the main goal is to delay or control the ice nucleation via surface chemistry
and topography. But it turned out none of these can actually stop complete frost formation
on a solid surface. Much like the marching of freeze front in the movie, frost grows on a
surface due to inter-droplet frost bridging phenomena where once one droplet freezes on the
surface, ice bridges connect neighboring liquid condensates and freeze them. This creates
a percolation of ice bridge networks which then start to grow in the third dimension and
the whole surface gets covered in a thick forest of frost. Another approach is to reduce
the ice adhesion strength of the surface by imparting chemical coatings on the surface itself
[41, 44] or impregnating a textured surface with lubricating oil [45]. Much like the use
of superhydrophobic surfaces, durability of such low ice adhesion surfaces are still not up
to the standard for continuous use [46, 47]. Poulikakos et al. has recently shown a new
passive method of removing supercooled water droplets from superhydrophobic surfaces via
rapid freezing [48, 49]. But this phenomena is relevant to only low pressure environment
which makes it impractical. A more recent study by Ahmadi et al. has shown that the
hygroscopicity of ice itself can be used to keep a surface frost-free [50] for an extended period
of time. Of course, the constraint is the elevated surface structures in this case where the
moisture attracting ice are kept at a higher elevation above the underlying surface which is
required to be frost free. In Chapter 6 we will discuss a new passive mode of frost removal
by using just water.
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Chapter 2

Introduction

2.1 Motivation

(Inspired by the preface of one of my favorite books: Capillarity and Wetting Phenomena:
Drops, Bubbles, Pearls, Waves)

As you wake up in the early winter morning to look outside, much to your dislike, you found
the beautiful view to the horizon (and pearl-shaped dew drops on spider webs and leaves)
is obstructed by a foggy glass window. You went to take a refreshing hot morning shower.
You come out of the shower only to find again a completely foggy mirror. After your second
aargh! moment, you rush to your car to beat the early morning traffic. But you find the car
windshield covered in a thick layer of frost which to your surprise, you found to be quite hard
to remove by force. On your way to work, you pick up your breakfast with small packets of
ketchup. You again face frustration while trying to get all of the ketchup out of those tiny
single-use packets.

These few examples from our daily life illustrates the not-so-beautiful effects of capillarity
and wetting phenomena and the need to expel different forms of matter from surfaces.
Removal of liquid condensates or frost efficiently and effectively from artificial and natural
surfaces will not only improve their performance (think about the functional improvement
of heat transfer devices or insect eyes due to the removal of droplets or frost), but will
also help in saving lives (de-frosting airplane wings is both necessary, and economically and
environmentally costly affair). This urgency to remove or repel materials from surfaces is
not only limited to water or its solid form, but also to other much stickier and messier fluids
like ketchup. Creating an omni-repellent surface from the same materials which were used in
the ketchup packets you used earlier could save tons of food products from being wasted if
you think about the cumulative waste in a year. But the very effect which help us in getting
rid of liquid condensates from artificial superhydrophobic surfaces, enables plant-to-plant
fungal pathogen transport among wheat crops. We need to understand the dynamics of
such pathogen transport mode to devise a plan to stop the disease spreading.

Not everything we have done here is following a plan or strict protocol. The remarkable
jumping frost event that we discuss here is a completely accidental discovery made by a
graduate student with a pair of attentive eyes and a mind curious enough to ask questions.
As child, when the science behind most of the regular phenomenon were not known to us,
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we rejoiced at the most insignificant of events as if we were witnessing magic. It is with the
same bewilderment, we approach the problems described here. Our primary motivation is
to improve our understanding of several interfacial phenomena which would help us improve
future design of antifogging or omni-repellent slippery surfaces or novel de-icing constructs,
and also help in mitigating dew-induced fungal pathogen spread among plants. Our sec-
ondary motivation is more pedagogical; the theoretical analysis throughout this work often
involves simplified systems and scaling analysis to make the physics of the problem more
accessible to readers from different fields. Our hope is that this work will inspire them to
ask trivial and mundane questions; questions which made all of these works possible.

2.2 Goals and Objectives

The overall goal of this work is to enhance our understanding of several spontaneous or
passive expulsion mechanisms seen on a variety of surfaces and for different forms of mat-
ter. This can be broken down into three major objectives- we will talk about two different
aspects of gravity-independent jumping-droplet condensation on artificial and natural super-
hydrophobic surfaces, one chapter will be devoted to the understanding of a novel passive
frost removal mechanism that manifests itself in close proximity to a water droplet and
lastly, our objective would be to design a slippery liquid-infused surface from some widely
used hydrocarbon-based polymer films.

Objective 1a: Characterizing Orientation-Dependence of Jumping-Droplet Con-
densation

Heat transfer efficiency of a condensing surface largely depends on the fraction of total
surface area that is covered by the condensates. In dropwise condensation, the condensates
are formed as isolated droplets on the surface compared to the formation of a uniform film
in case of filmwise condensation. But, over a long period of condensation, the individual
droplets grow continuously till they merge or fall off the surface due to gravity, creating
fresh spaces for further nucleation in both cases. But for continuous removal, gravity is
the only passive mechanism which comes into the picture only when the droplets grow to
a threshold diameter (≈ 3mm for most surfaces). But as the heat transfer coefficient of
condensation decreases with increasing condensate size, vertical or upside-down condensers
perform significantly better than a horizontally oriented one which cannot shed the growing
droplets. About ten years ago, a fundamentally new mode of dropwise condensation was
discovered on nanostructured or hierarchically structured superhydrophobic surfaces where
microscopic condensate spontaneously jump out-of-plane upon coalescence by converting
surface energy to kinetic energy. Droplets as small as 2µm can be ejected from the surface
via the jumping removal mechanism. As this mechanism is gravity-independent, follow-
up researches assumed that the heat transfer efficiency of the surface would show little
sensitivity to the surface orientation. Our first objective in Chapter 3 is to determine how
the heat transfer performance and drop-size distribution of jumping-droplet condensation are
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affected by systematic variations in the substrate orientation. To determine whether jumping
droplets returning to the substrate is beneficial for the subsequent chain reactions (more
droplet removal) or detrimental (droplets get stuck), the dynamics and size distribution of
droplets on the condensing surface will be compared at horizontal, 45◦, vertical, and upside-
down orientations. A theoretical treatise will also be provided for comparing the heat transfer
performance at different surface orientations.

Objective 1b: Understanding how wind and jumping-droplet condensation syn-
ergistically help in the large scale dissemination of wheat leaf rust spores.

Fungal pathogens in plants spread in three stages- liberation of spores from the diseased
plant, drift or passive horizontal transport and then finally deposition onto a host plant. The
liberation of spores can be achieved via spontaneous ejection from within the fungi body or
via passive removal agents such as wind or rain. Recently, one study has shown that wheat
leaves, which are superhydrophobic, can demonstrate jumping-droplet phenomenon during
a natural dew cycle and leaf rust spores can be liberated with these jumped condensates.
Being a relatively new form of passive spore removal mechanism, not a lot is known about it.
The objective of this work (Chapter 4) would be to increase our knowledge of spore spreading
via jumping-droplet condensation. We will also look into the synergistic effect of wind and
jumping-droplet condensation on the range of pathogen dispersal. We also aim to prescribe
methods to mitigate disease spreading during natural dew cycles.

Objective 2: Understanding jumping frost phenomena

It was discovered in our lab, quite accidentally, that frost dendrites can spontaneously jump
from a substrate when a liquid water droplet or film is brought opposite to it. After per-
forming some preliminary experiments, our hypothesis is that the strong attraction between
frost dendrites and the opposing water droplet is a result of temperature gradient-induced
charge separation in ice. Here in Chapter 5, we will use simple experimental and numerical
methods to gain a fundamental understanding of the charge separation mechanism in ice
and frost. Our long-term vision is to show that this technique can be translated to rapid
removal of entire ice or frost sheets with a pulsed charge of high voltage, replacing the costly
methods of applying heat or antifreeze chemicals.

Objective 3: Designing a slippery liquid-infused surface using a hydrocarbon-
based polymer film.

Superhydrophobic surfaces achieve their mythical ability to repel a variety of materials via
the inclusion of a lubricating air layer between the surface roughness. But these air layers are
also very fragile; they can be penetrated by pressure or lower surface tension liquids making
them unsuitable for many applications. Back in 2011, researchers found an ingenious way to
achieve similar mobility on a textured surface by replacing the air layer within the surface
textures with a layer of lubricating liquid e.g., oil). Stability of the thin oil film is maintained
by the capillary force exerted by the underlying hydrophobic micro or nano-textures of the
substrate. As long as the surface chemistry (wettability and textures) and the oil compo-
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sition are carefully chosen, a stable and durable omni-repellent surface would be achieved.
Many studies have since come up with different techniques to achieve the roughness or poros-
ity on the substrate along with variations in the oil layer. But common hydrocarbon-based
polymers such as polyethylene (PE) were generally excluded from these discussions as PE
is generally considered resistant to impregnation by oils. In Chapter 6, we will establish
the design criteria for making slippery liquid-infused surfaces from hydrocarbon-based poly-
mers. We will characterize the surfaces before and after oil infusion as well as test for their
durability.

2.3 Organization

In Chapter 1, background information was provided on two main phase change phenomena
involving water, namely, condensation and frosting. Chapter 3 is an experimental study
which will look into the surface orientation effects on jumping-droplet condensation. Being
a gravity-independent (capillary-inertial) phenomenon, it had long been assumed that the
efficiency of jumping-droplet condensers would also be independent of gravitational forces.
While this assumption does hold for short duration condensation events, for long term con-
densation, the surface effects start to affect the heat transfer performance. A theoretical
subsection is also provided at the end of the paper which shows how the changes in the
condensate pattern on differently oriented surfaces lead to a change in the condensation
heat transfer efficiency. The jumping-droplet effect can also be observed on natural super-
hydrophobic surfaces like wheat leaves. A recent study has shown that fungal spores (leaf
rust) on a wheat leaf can be liberated by taking a ride with the jumping condensates during
a natural dew cycle. In Chapter 4, we show how jumping-droplet condensation enables short
range spore dispersal which can be extended spatially with the help of a breeze. Next, we
shift our focus from removal of condensates to the removal of frost. In Chapter 5, we try
to decode the remarkable frost jumping phenomena opposite to a polar liquid droplet like
water. A thorough understanding of this might enable us to design a novel de-icing construct
in future. We end our discussion on expelling different forms of matter from surfaces with
an experimental study on designing a liquid-infused surface (LIS or SLIPS) from common
hydrocarbon-based polymers (Chapter 6). Although about 10 years have passed since the
initial discovery of these omni-repellent surfaces, very few reports have mentioned the use
of polyethylene for making such surfaces. In Conclusion and Future Work, we report some
recent works that are being done or has already been done by us which will hopefully further
our understanding of these mechanisms reported here.
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Chapter 3

Effect of Surface Orientation on
Jumping-Droplet Condensation

“...madness is like gravity, all it takes is a little push.”
−The Joker, The Dark Knight

The content of this chapter was previously published as a journal manuscript as an article
[51] (How Surface Orientation Affects Jumping-Droplet Condensation, Ranit Mukherjee,
Austin S. Berrier, Kevin R. Murphy, Joshua R. Vieitez, and Jonathan B. Boreyko, Joule
2019 3 (5), 1360-1376, DOI: 10.1016/j.joule.2019.03.004), and reproduced here with minor
modifications. This chapter experimentally and theoretically investigates the effect of surface
inclination on jumping-droplet condensation and associated heat transfer performance.
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3.1 Introduction

Vapor condenses on a solid substrate either as a liquid film or in the form of discrete droplets,
depending upon the surface energy of the substrate [13, 52, 53]. Dropwise condensation is
nearly an order of magnitude more efficient than filmwise condensation [12, 54, 55], due to
the considerable thermal resistance of a continuous liquid film. The heat transfer coefficient
for dropwise condensation increases monotonically as the critical size of departing droplets
decreases, as this maximizes the dry surface area exposed to steam [56, 57]. For conven-
tional dropwise condensation on smooth hydrophobic surfaces, droplets are passively shed
by gravity which constrains their departure size to the capillary length (∼ 1 mm for water)
[57]. Dropwise condensation is therefore well-known to be highly dependent on surface orien-
tation, where a vertical condenser minimizes the departure size and maximizes heat transfer,
and vice versa for horizontally oriented condensers [15, 58].

As an alternative to removing large droplets by gravity, condensing micro-droplets can spon-
taneously jump out-of-plane from nanostructured superhydrophobic surfaces upon coales-
cence [11]. This passive jumping mechanism serves to decrease the maximum droplet depar-
ture size of the condensate by several orders of magnitude compared to gravitationally-driven
dropwise condensation [11, 25, 26, 59]. As a result, the heat transfer coefficient of jumping-
droplet condensation is at least 30% higher than classical dropwise [22, 60, 61], and can
be even higher when using electric fields [62, 63], tall and interconnected nanowires [64], or
overlaying hydrophilic features [65, 66].

The mechanism for out-of-plane droplet jumping is the impact of the coalescing liquid bridge
against the low-adhesion substrate [21, 67, 68]. For micrometric water droplets, the hydrody-
namics of the liquid bridge are capillary-inertial in nature as both the Bond and Ohnesorge
numbers are much less than unity, indicating negligible gravitational and viscous effects
[11, 26, 69]. Therefore the initial out-of-plane velocity is independent of the substrate’s
gravitational orientation, which is why all studies to date have only chosen a single orienta-
tion to characterize jumping-droplet condensation. A theoretical study by Miljkovic et al.
best summarizes the current perspective of surface orientation effects: the calculated heat
transfer coefficient increases monotonically as the surface tilts from horizontal to vertical
for dropwise condensation, while the heat transfer of the jumping-droplet model remains
constant due to an assumption of an orientation-independent droplet distribution [28].

While it is true that the critical departure size of a jumping droplet is orientation-independent,
we suggest that there are two reasons why orientation still matters. First, droplets jumping
from a non-vertical surface will fall back to the surface due to gravity. The returned droplets
can often coalesce and jump again in chain reactions [11, 70, 71], but will eventually grow
large enough to become unable to jump. Second, jumping is suppressed if the coalescing
droplets exhibit a sufficiently large mismatch in size [72, 73, 74]. In the absence of a gravi-
tational orientation, these stuck droplets will continually grow over time which will diminish
the heat transfer.
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Here, we show that the droplet size distribution and heat transfer of jumping-droplet conden-
sation are profoundly impacted by the surface orientation of the condenser. A horizontally
oriented surface was unable to shed any droplets that became stuck due to gravitational
return or size mismatch, resulting in large millimetric droplets after several hours of con-
tinuous operation. For partially inclined surfaces, we found that these large, stuck droplets
were instead able to roll down the surface upon coalescence-induced dislodging. This new
phenomenon is a blend of capillary-inertial and gravitational effects working together syner-
gistically. Finally, a vertically oriented surface minimized the amount of returning droplets in
the first place, while retaining the supplemental gravitational removal of droplets stuck due
to mismatch. A semi-empirical model was used to calculate the condensation heat flux as a
function of the overall droplet size distribution for each surface orientation. Inclined orienta-
tions exhibited a 40–100% enhancement in the theoretical heat transfer coefficient compared
to the horizontal orientation, due to an order of magnitude decrease in the maximum droplet
size. These findings indicate that the performance ceiling of jumping-droplet condensers may
be higher than previously expected, further motivating their potential application in power
plants, HVAC systems, or thermal desalination.
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Figure 3.1: Experimental setup. a) SEM image of the silicon nanopillar arrays compris-
ing the superhydrophobic surface used in the condensation experiments. b) Schematic of
the experimental set-up. c) Schematic of the condensation experiments in different surface
orientations.
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3.2 Materials and methods

Superhydrophobic surface preparation.

The nanopillared superhydrophobic surfaces were made in the cleanroom of the Center for
Nanophase Materials Sciences at the Oak Ridge National Laboratory. The silicon nanopillars
were fabricated non-lithographically by dry etching into a thermally dewet platinum film
that served as the etch mask. For more details on the fabrication process, please refer to the
previous reports by Boreyko et al. [25, 75]. The nanopillars have a height h=531 ± 6 nm,
diameter d = 69 ± 8 nm, and center to center pitch p = 119 ± 40 nm. The nanopillars
were conformally coated with a hydrophobic monolayer by the vapor-phase deposition of
trichloro(1H, 1H, 2H, 2H–perfluorooctyl)silane (Sigma-Aldrich). The silicon sample and an
open vial of the liquid silane were held within a container on a hot plate set to 70 ◦C for
several hours. Surface characterization was done on a contact angle goniometer (ramé-
hart) using the droplet shrink-swell method. The apparent advancing and receding contact
angles for water on the superhydrophobic surface was measured to be θA = 161◦ ± 1◦ and
θR= 151◦± 4◦, respectively.

Condensation Experiments Setup.

The condensation experiments were performed either in the ambient or in a customized hu-
midity chamber (ramé-hart) with the nanostructured surface thermally bonded to a Peltier
cold stage (ramé-hart) with the help of a thermal paste (Aavid Thermalloy). The tempera-
ture of the cold stage was set at Tw= 1.0 ◦C with an ambient air temperature T∞= 20± 4 ◦C
and a relative humidity of RH = 59± 2%. This correspond to an average supersaturation
of S = 2.1± 0.4, where S = Pv/Psat(Tw) is the ratio of the partial vapor pressure of the
ambient air and the saturation pressure of water vapor at the substrate temperature. Con-
densation visibly appeared in the camera images about 30 s after reaching Tw= 1.0 ◦C, which
corresponds to our definition of time zero for the 3 h growth experiments.

For the horizontal orientation, a high-speed camera (Phantom v711, Vision Research) was
used along with a function generator (Agilent, 10 MHz) for capturing top-down images of
the condensing surface at 10 s interval for 3 h. For the 45◦ inclined and vertical orientation
experiments, a Nikon D5300 camera attached to a Infiniprobe TS-160, two extension tubes
and a ring light (Polaroid) was used. The high-speed videos of the dynamics of the con-
densate droplets on horizontal, 45◦ inclined, vertical and upside-down surface orientations
were captured from three different angles, e.g., top-down, bottom-up and side view using the
high-speed camera (Phantom v711).
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Image Analysis.

Image analysis techniques were used to calculate number of droplets within the field-of-view
and individual droplet diameter from the time-lapse images of experiments. From these
two sets of data, average and maximum droplet diameter over 3 h condensation and surface
coverage by the condensates were calculated. Even though images were taken at every 10 s
during the actual experiments, to save time, images at 1 min interval were used for all the
analyses. Images on the horizontal surface orientation were analyzed with the help of an
image processing software (ImageJ). All images were converted to binary images before a
droplet edge detection algorithm was applied. For the 45◦ inclined and vertical orientation
images, custom Java codes were used for the image analysis.

Surface Fabrication and Condensation Visualization

Superhydrophobic nanopillars were used for all of the condensation experiments performed
here (see Experiments Section for details). Figure 3.1a shows a typical scanning electron
microscope (SEM) image, where the roughly cylindrical nanopillars exhibit the following
averaged values: a diameter of 69 nm, a height of 531 nm, and a center-to-center pitch of
119 nm. Deposited droplets exhibited an apparent advancing contact angle of θA ≈ 160◦

and an apparent receding contact angle of θR ≈ 150◦, as measured using the shrink/swell
method on a contact angle goniometer. The advancing intrinsic contact angle on a corre-
sponding smooth silanized silicon surface is θa ≈ 113◦ [25]. All condensation experiments
were performed by cooling the substrate down to Tw= 1.0 ◦C with an ambient temperature
of T∞≈ 20◦C and a relative humidity of RH≈ 59 %. Time-lapse photography captured the
evolution of the droplet size distribution over 3 h of continuous condensation, as depicted
in the schematic of Figure 3.1b. High-speed imaging was used to capture the jumping and
sliding dynamics. Four different surface orientations were used: horizontal, 45◦, vertical, and
upside-down (Figure 3.1c).

3.3 Results

The results of the time-lapse photography are shown in Figure 3.2 for the horizontal, 45◦, and
vertical orientations. Previous reports of jumping-droplet condensation have shown a near-
constant droplet size distribution over time, even for a horizontal orientation.[11] However,
nearly all previous visualizations of jumping droplets have only recorded a few minutes of
growth for a single surface orientation [11, 59, 76, 77, 78, 79]. One study by McCarthy
et al. did report 24 h of continuous jumping-mode condensation on a vertically oriented
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Figure 3.2: Time-lapse photography from the 3 h long condensation experiments. The surface
orientations used were: a) horizontal, b) 45 ◦ inclined and c) vertical.

superhydrophobic surface, but they only quantified the average droplet diameter for the first
12 min [80]. Here, the droplet size distribution was imaged over 3 h of condensation, to reveal
that droplets on the horizontal surface continue to grow in size over time (Figure 3.2a). In
contrast, condensate on the 45◦ and vertical surfaces exhibited a near-constant size even
after 3 h of continuous growth (Figure 3.2b,c).

The initial capillary-inertial jumping itself is orientation-independent. To explain why the
resulting droplet size distribution is still dependent on orientation, high-speed imaging was
used to get a fuller picture of the range of droplet dynamics possible during growth. As
expected, droplets jumping from the horizontal surface eventually returned due to gravity,
which readily explains the increase in droplet size over time (Figure 3.3a). Even for inclined
surfaces, droplets can still grow due to gravitational return of jumped droplets (Figure 3.3b),
failed jumping upon coalescence due to size mismatch [72, 73, 74], or due to vapor entrain-
ment of jumping droplets [62, 81, 82]. While return by gravity is obviously not applicable
to the vertical or upside-down orientations, vapor entrainment was observed even in these
cases (Figure 3.3c). From the analysis of Miljkovic et al., for an upside-down surface orien-
tation and a characteristic heat flux of 1 W/cm2, the critical diameter beneath which vapor
entrainment occurs is 38µm [62]. This matches our experimental observations, where the
largest jumping droplet that got entrained by the vapor flow was 33µm for the upside-down
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surface. For the vertical surface, droplets as large as 70µm returned to the surface as gravity
no longer opposes vapor entrainment.

t = 0 ms

6 ms

31.7 ms

44.1 ms

26 ms

100 µm

g

500 µm

A B

100 µm

Upside downC

Figure 3.3: Images capturing different droplet removal and return mechanisms on the con-
densing surfaces. a) Jumped droplets returned to a horizontal surface (first frame chronopho-
tography) and got stuck (second frame). b) Chronophotography of a jumped droplet being
returned to a surface at 45◦ inclination. c) A small droplet returns to an upside-down surface
due to vapor entrainment. The red arrows show the droplet trajectory. See Movie S1 for
visualizing droplet return on different surface orientations..

3.3.1 Model of Gravity-Assisted Droplet Departure

In short, even vertical or upside-down condensers cannot fully prevent the return of jumping
droplets or the failure of certain droplets to jump. However, the use of a gravitational
orientation does enable the removal of droplets by sliding or falling, which would otherwise
remain stuck on a horizontal surface. Regarding droplets sliding off a condenser, the critical
departure size can be approximated from the analysis of Furmidge [83]. Balancing the
retention force (i.e. hysteresis) of the Cassie droplet (Fhys|C) with the gravitational force
(Fg):

ρVcgsinα ≈ πaγ(cosθR − cosθA), (3.1)

where α is the inclination angle of the surface, ρ and γ are density and surface tension of
water, V = π

3
R3(2 − 3cosθ∗ + cos3θ∗) is the volume of a spherical-cap droplet exhibiting

a radius of R and averaged apparent contact angle θ∗ = 1
2
(θA + θR), and a = R sin θ∗ is

the contact radius. Using θA ≈ 160◦ and θR ≈ 150◦, the calculated critical departure size is
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2Rc≈ 915µm on the 45◦ surface and 2Rc≈ 770µm for the vertical surface. This is in good
agreement with the experimentally observed departure size of 713µm for a droplet sliding
down the vertical surface (Figure 3.4a).

For the upside-down surface, droplets must detach and free fall, rather than slide. The
critical size for detachment can be estimated by comparing the gravitational energy (Eg)
against the work of adhesion required to detach a Cassie droplet (Ead|C):

ρVcRg ≈ πa2γφ(1 + cos θa), (3.2)

where φ≈ 0.295 is the solid fraction of the pillar tops in contact with the droplet and the
averaged apparent contact angle θ∗ (embedded in the expressions for V and a) is replaced
by θA. Solving for Vc and re-expressing in terms of the droplet radius yields a critical
size of 2Rc ≈ 660µm. This gravitational removal could not be observed experimentally, as
coalescence-induced detachment (which will be discussed shortly) always occurred before
droplets could reach this large size.

Not all of the condensate was able to slide at sizes corresponding to Eq. 3.1. For example, in
Figure 3.4a, the droplet shown in red arrows remained adhered to the vertical condenser at
size 2R= 1.6 mm even as the smaller droplet outlined in the green circle was able to slide at
2R= 713µm. This can be attributed to many condensate droplets not being in an idealized
Cassie state, but rather having a fraction of their base impaled as a Wenzel neck. This
spectrum in the extent of partial impalement for jumping-droplet condensation has been
directly observed by Miljkovic et al. [60]. It can be understood by considering how a droplet
originally nucleates and inflates within the nanostructure. A liquid embryo is initially of size
∼ 1–10 nm [6], such that it can nucleate somewhere inside of a unit cell of roughness [84]. In
such cases, the water initially fills a unit cell(s) in a Wenzel state but can subsequently inflate
into a Cassie state beyond this impaled neck [85]. This energetic comparison for inflating in
the Cassie versus Wenzel states can be simply expressed as [84]:

E∗ = − 1

r cos θa
, (3.3)

where θa is the intrinsic advancing contact angle on a smooth silanized surface, and r is the
surface roughness. A nucleated droplet prefers to inflate into the Cassie state if E∗ < 1;
here, we get E∗ = 0.28 for our surface parameters of θa =113◦ and r = 9.12. However,
even when E∗ < 1 and the outer perimeter of the droplet is in the Cassie state, the central
portion of the droplet still exhibits a Wenzel state from where it initially nucleated. This
explains why some of our droplets approximate a pure Cassie state, where Eqs. 3.1–3.2 are
valid, while others exhibit a much higher degree of pinning where new equations now need
to be formulated.
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For Wenzel droplets on a highly roughened and superhydrophobic surface, the contact angle
hysteresis approaches its maximal value: θA → 180◦ and θR → 0◦ [86]. This Wenzel state
therefore modifies the hysteresis term in Eq. 3.1 to (cosθR − cosθA)≈ 2. Comparing gravity
(Fg) to the Wenzel hysteresis force (Fhys|W ) yields the modified Furmidge equation:

ρVcgsinα ≈ 2πaγ. (3.4)

This results in a critical diameter of 2Rc ≈ 4.2 mm for vertical orientation, nearly an order
of magnitude larger than that for Cassie droplets. Similarly, for the upside-down orientation
the work of adhesion term must be modified for a droplet in the partial Wenzel state. For a
Wenzel neck of radius rp, beyond which the droplet is in the Cassie state, the competition
between gravity (Eg) and work of adhesion (Ead|W ) now becomes:

ρVcRg ≈ 2πrp
2γ(1− φ) + πa2γ(1 + cos θa)φ, (3.5)

where the first term on the right-hand side represents the energy required to rip the droplet
from its neck and the second term is the energy for detaching the liquid-solid interface from
the pillar tops. The value of rp for a given surface structure can be estimated by the three-
stage energetic growth model developed by Mulroe et al. [25] (see Appendix A.1). Using
119 nm, 531 nm and 69 nm as the average geometrical values of pitch, height and diameters
of our nanopillars, respectively, we obtain rp ≈ 0.30µm. Using this value of rp, we get
2Rc≈ 1.8 mm which is three times larger than the critical fall-off size for Cassie droplets.

Besides gravitational removal for Cassie droplets or Wenzel droplets, we discovered a third
mechanism for gravitationally-driven droplet removal. In Figure 3.5a, it was observed that
the surface energy released upon coalescence was sufficient to detach Wenzel droplets from
their impaled necks. In other words, for larger droplets, coalescence can no longer produce
jumping but can be sufficient for detaching from Wenzel necks. Besides detachment, another
hypothetical possibility is for the impaled necks to dewet (i.e. recede) out of the cavities.
However, it is now well-known that the impaled Wenzel state is almost always irreversible
[87, 88, 89], as the energy barrier for pinch-off is lower than that for dewetting [90]. A final
scenario, of coalescence actually increasing the extent of droplet impalement, was ruled out
from energetic [87] and physical criteria [53] (see Appendix A.2).

The schematic shown in Figure 3.5b represents the model used to rationalize this coalescence-
induced detachment. When two (or more) droplets coalesce with each other, they release
excess surface energy [11]. Assuming a spherical cap geometry for two similar-sized droplets
in a partial Wenzel state, from simple geometric relations we can write the excess surface
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energy due to coalescence as [91]:

∆Es = πγ[4R2(cos θapp − 1)− 2
4
3R2[(2 + cos θapp)(cos θapp − 1)2]

2
3 ], (3.6)

where R is the radius of the droplets before coalescence and θapp is the apparent contact
angle of each droplet. Using Figure 3.5a as an example, R≈ 867µm, while θapp= θA= 160◦

from the aforementioned goniometric measurements of deposited droplets. While it is true
that the deposited droplets were in a Cassie state while the droplets here exhibited a Wenzel
neck, the outermost perimeter of these pinned droplets is in the Cassie state which governs
the angle. Plugging these values into Eq. 3.6 yields ∆Es ≈ 10−6 J. This excess energy must
overcome the work of adhesion required for detachment from the impaled necks. Before
coalescence, each droplet is pinned by a Wenzel neck of cross-sectional area Ap=πrp

2. The
work of adhesion to detach two droplets from their Wenzel necks, while the merged droplet
still rests atop the pillars, is given by:

Ead|N ≈ 4πrp
2γ(1− φ). (3.7)

If the ratio of ∆Es/Ead|N � 1, then droplets will detach from their pinned necks upon coales-
cence. For our surface, we found that Ead|N ≈10−14, which results in ∆Es/Ead|N ≈108 �1 for
a droplet radius of R = 867µm. When the merged droplet exceeds the critical diameter for
sliding in the Cassie state (Eq. 3.1), departure occurs immediately upon coalescence-induced
detachment from the Wenzel necks. For example, the aforementioned 1.6 mm droplet stuck to
the vertical surface (Figure 3.4a) was able to shed immediately after merging with a smaller
droplet (Figure 3.4b), as a critical diameter of only 770µm is required once in the Cassie
state (Eq. 3.1). For the example on the 45◦ surface (Figure 3.5a), the droplet was 2R≈2mm
after coalescence which similarly exceeds the critical diameter of 915µm.

Coalescence can also overcome the work of adhesion required to detach impaled droplets
from an upside-down condenser, at which point gravity induces droplet falling (Figure 3.4c).
Comparing the same surface energy released upon coalescence to the work of adhesion for
droplet detachment, we get the following equation:

πγ[4R2
c(cos θapp − 1)− 2

4
3R2

c [(2 + cos θapp)(cos θapp − 1)2]
2
3 ]

≈ 4πrp
2γ(1− φ) + 2πa2cφγ(1 + cos θa) (3.8)

where ac = Rc sin θA is the contact radius of each droplet before coalescence. This equation
can be solved for the critical value of Rc.
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To our knowledge, gravitational shedding enabled by coalescence-induced droplet detach-
ment has not been previously reported. Past studies have instead focused on the ability
of coalescence to trigger out-of-plane jumping [11, 21, 68] or in-plane sweeping [79, 92], for
micrometric droplets where gravity was not playing a role. Other works have characterized
the chain reactions triggered by jumping droplets returning to the surface for subsequent
coalescence-induced jumping events [11, 70, 93]. Finally, it has been shown that coalescence
can trigger dewetting [94, 95] or neck detachment [26, 91] to switch the merged droplet to
the Cassie state, but only for microscopic droplets on a horizontal substrate. Instead of only
using coalescence to eject microscopic condensate, our findings indicate that coalescence can
work in tandem with gravity to remove mid-sized droplets that could not be removed by
surface tension or gravity in isolation.

In Figure 3.6, we have constructed phase maps that graph the critical departure radius
for each possible mode of droplet detachment and departure. The critical radii were non-
dimensionalized by the capillary length of water: lc =

√
γ/ρg ≈ 2.7 mm. The red region

in the bottom of each phase map represents nano-scale condensate that has not yet been
able to inflate to large apparent contact angles. Prior to inflation, such droplets are not
prone to removal from either coalescence or gravitational mechanisms. The green dotted
line in each map represents the critical size above which coalescence-induced jumping is now
possible, R/lc∼ 10−4, due to the droplets now being inflated [25]. As already discussed, due
to various factors including entrainment or size mismatch, some droplets will remain stuck
to the surface even in the blue regions above the green dotted lines. The remaining aspects
of the phase maps differ depending on whether the surface is inclined or upside-down, which
will now be discussed in turn.

For inclined surfaces (Figure 3.6a), droplets stuck on the surface can at least detach from
their Wenzel necks upon coalescence in the blue region above the green line. This is because
the two necessary conditions are both satisfied: the droplets are inflated to large angles
(i.e. above green line) and the surface energy gained upon coalescence can overcome the
work of adhesion required to detach from the necks, as ∆Es/Ead|N > 1 for micro-scale
droplets (Eq. 3.6 and Eq. 3.7). The detachment of impaled droplets in the blue region of
the phase map could not be observed, as the Wenzel necks within the nanostructure are
too small to be optically resolved while the droplets themselves still remain pinned on the
surface. The solid blue line represents the critical droplet size where Cassie droplets can slide
off the surface by gravity (Eq. 3.1). The blue diamond symbol corresponds to the critical
size of an isolated Cassie droplet sliding down the surface, as measured in Figure 3.4a, in
excellent agreement with the blue theory line. The green region above this blue line represents
droplets still in the impaled state, where as soon as they coalesce to detach into the Cassie
state, can therefore immediately slide down the surface. Experimental measurements of
this coalescence-induced detachment and sliding are shown as blue circles. Finally, for any
unlucky impaled droplets that never coalesced with similar-sized neighboring condensate,
gravitational sliding within the impaled state is estimated by the orange dotted line (Eq. 3.4).
No experimental observations of impaled droplet sliding were observed, as coalescence always
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occurred before growing to a size commensurate with the orange line.

An analogous phase map can be drawn for the upside-down orientation (Figure 3.6b). Now
gravity no longer facilitates droplet sliding along the surface, but rather, causes droplets to
fall from the surface once their work of adhesion is overcome. This is why the upside-down
phase map now plots the droplet size against the solid fraction of the surface (φ), as the work
of adhesion is a function of the droplets’ contact area with the pillar tops. For condensate
impaled with Wenzel necks, recall the critical size above which the energy gained from
two-droplet coalescence overcomes the work of adhesion is given by Eq. 3.8. This results
in R/lc ∼ 10−5, an order of magnitude smaller than the size required for the droplets to
inflate and coalesce in first place (green line). Therefore, the blue region above the green line
satisfies the dual criteria for impaled droplets to be both inflated and result in coalescence-
induced detachment and falling from the surface. Blue circles depict the experimentally
measured droplet sizes where coalescence-induced detachment and subsequent gravitational
falling occurred. Comparing ∆Es to the work of adhesion for droplets able to initialize in the
Cassie state (Ead|C), we found that droplets of any size will detach upon coalescence which
could not be shown directly in the phase map. This is expected to be the minority case,
however, as most condensate originates with Wenzel necks. For hypothetical droplets that
do not coalesce, gravity eventually overcomes the work of adhesion at much larger sizes. This
is shown for Cassie droplets (Eq. 3.2) or for droplets with Wenzel necks (Eq. 3.5), with the
blue and orange lines respectively. While the critical size for gravity-induced detachment
was lower for Cassie droplets compared to Wenzel, this distinction was so small that the
phase lines virtually overlap. This is because the pillar top adhesion dominates over that of
the small Wenzel neck for droplets of this size.

3.3.2 Heat Transfer Analysis

The demonstrated orientation-dependence of gravity-induced droplet departure rationalizes
the contrasting droplet size distributions shown in Figure 3.2. These disparate droplet size
distributions are quantified in Figure 3.7 using image analysis over the full 3 h of growth.
The average droplet size increased continuously to about Davg ≈ 100µm after 3 h of growth
on the horizontal surface. In contrast, a smaller plateau value of Davg ≈ 30µm was reached
on both the 45◦ inclined and vertical surfaces (Figure 3.7a).

The maximum droplet size was Dmax≈ 1.4 mm and climbing for the horizontal surface, nearly
an order of magnitude larger than the stable value of Dmax≈ 160µm on the vertical surface
(Figure 3.7b). The maximum droplet diameter measured here for the vertical orientation is
smaller than the sliding diameter shown in Figure 3.4a. This is because jumping droplets
do not tend to return to the surface for a vertical orientation, such that droplets as large
as that shown in Figure 3.4a are extremely rare and not visible in the field-of-view used for
the Figure 3.7 measurements. In Figure 3.7b, the maximum droplet diameter on the 45◦
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inclined surface is slightly larger than the horizontal orientation for the first hour. This can
be explained by the stochastic nature of droplet nucleation (particularly for small field-of-
views) and also by the fact that the gravitational removal offered by the inclined surface is
not enabled until droplets have time to grow to larger sizes.

The projected surface coverage of dropwise condensation plateaus to a self-similar value,
typically about ε2 ≈ 0.6 [96, 97]. Our horizontal surface exhibited a self-similar value of
ε2 ≈ 0.7, significantly more than the 45◦ inclined (ε2 ≈ 0.45) or vertical (ε2 ≈ 0.3) surfaces
(Figure 3.7c). These findings can all be explained by the inability of the horizontal surface to
shed returning jumping-droplets (or droplets that failed to jump due to size mismatch), while
the inclined surfaces could shed such droplets gravitationally by the mechanisms summarized
in Figure 3.6. Given that Wenzel necks remain impaled within the surface, even after droplet
detachment and departure, flooding could be a concern as new droplets (and necks) form
over time. Flooding was not observed here, however, as evidenced by the steady-state surface
coverage. We attribute this to the lower nucleation energy barrier of the wet unit cells (i.e.
necks) causing subsequent droplets to inflate in the same regions.

Using the measured values of Dmax, the condensation heat transfer coefficient can be esti-
mated using the model established by Le Fevre and Rose [56] with modifications accounting
for the superhydrophobic structured surfaces [60, 98]. The heat transferred across a single
droplet of radius ‘r’ is expressed as:

qd(r) =
πr2(∆T − 2Tsatγ

rhfgρ
)

1
2hi(1−cos θ) +

rθ
4kw sin θ

+ 1
kcsin2θ

[
kpφ

δckp+hkc
+ kw(1−φ)

δckw+hkc

]−1 , (3.9)

where ∆T is the degree of subcooling, Tsat is the saturation temperature of the water va-
por, hfg is the latent heat of vaporization, hi is the interfacial condensation heat transfer
coefficient, δc is the thickness of the conformal hydrophobic coating, h is the height of the
nanopillars, and kw, kp and kc are the thermal conductivities of water, silicon, and the
hydrophobic coating, respectively. The interfacial heat transfer coefficient is itself given by:

hi =
2α̂

2− α̂

1√
2πRgTsat

hfg
2

νgTsat
(3.10)

where Rg is the specific gas constant, νg is the water vapor specific volume at Tsat, and
α̂ is the condensation coefficient ranging from 0 to 1 where α̂ = 1 signifies the complete
condensation of all vapor molecules impinging on the liquid surface. As the heat transfer
coefficient does not vary widely with α̂, we have used a representative value of α̂=0.35 in
our model [99]. This results in a value of hi=0.1MW/m2·K, close to the value reported by
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Kim and Kim [98]. The total condensation heat transfer coefficient, hc can then be found
by integrating qd(r) across the entire droplet size distribution:

hc =
q′′

∆T
=

1

∆T

[∫ rcol

rmin

qd(r)n(r)dr +
∫ rmax

rcol

qd(r)N(r)dr
]
, (3.11)

where n(r) and N(r) are the size distributions below and above the typical length scale where
coalescence occurs. See Appendix A.3 for the expressions of n(r) and N(r) for a condensing
superhydrophobic surface, which has been previously reported [28]. For the heat transfer
modeling, we have neglected the effect of sweeping as there was not a significant change in
the value of heat transfer coefficient and also qualitatively, the variation of hc with maximum
droplet radius remained same (see Appendix A.3 and Figure A.2).

For the simplicity of the model we have assumed a static contact angle, θ = θA = 160◦ for
the droplets. Although this induces an error in the total heat flux measurement for droplets
below 8µm [28], for our purpose of providing a qualitative comparison of heat transfer
performance in different surface orientations, this error in the model can be neglected. Using
fixed values of Tsat = 287.15K, ∆T = 5K, hydrophobic coating thickness δc = 1 nm and
thermal conductivity kc = 0.2W/m-K, pillar height h = 531 nm and conductivity kp =
150W/m-K, we can see how hc varies with changes in the maximum droplet diameter,
Dmax = 2rmax. Figure 3.7d shows that with increased maximum droplet diameter on the
surface, condensation heat transfer coefficient decreases exponentially. Le Fevre and Rose
observed a similar trend for their model of dropwise condensation on a smooth hydrophobic
surface [56].

In the inset of Figure 3.7d, theoretical values of hc are shown corresponding to experimentally
measured values of Dmax for the different surface orientations. For the horizontal surface,
the maximal droplet size is always increasing with time, so we used the final measured
value of Dmax ≈ 1.3 mm at the 3 h mark. For the 45◦ and vertical surface inclinations, the
value of Dmax plateaus due to gravitational shedding. For α = 45◦, the plateau value of
Dmax oscillated in time, which we attribute to the small field-of-view combined with chain
reactions of one jumping/sliding droplet sweeping away many others. Thus, we averaged
these oscillatory plateau values together to obtain Dmax ≈ 498µm. For the vertical surface,
a constant plateau value of Dmax ≈ 167µm was observed after the initial transient. A 3 h
experiment was not conducted for the upside-down orientation, as this would have resulted
in many droplets obscuring the lens. However, from the “bottom-up” imaging of an upside-
down condenser, we observed the largest possible droplet size prior to coalescence-induced
detachment and falling. Discounting local areas where scratches or defects were visibly
present, the largest departing droplets were approximately Dmax ≈ 334 um after at least 2 h
of continuous condensation.

Due to these orientation-dependent disparities in Dmax, the condensation heat transfer was
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enhanced by approximately 40% for α = 45◦ and by 100% for α = 90◦ compared to the
horizontal condenser. The upside-down surface exhibited a higher hc than both the horizontal
and 45◦ orientation, but lower than the vertical orientation. This can be rationalized by the
fact that both the upside-down and vertical orientations have a lower frequency of returning
droplets compared to the 45◦ and horizontal surfaces. In turn, the vertical surface being
slightly better than the upside-down can be explained by the beneficial sweeping effect that
is exclusive to droplets sliding down an incline.

The heat transfer model used to find the theoretical heat transfer coefficient presumes that
the non-condensable gases (NCGs) have been removed from the system. When NCGs are
present, as in the case of our experiments, they act as a diffusive barrier to the water
vapor [100, 101, 102]. This slows the growth rate of condensate and decreases the heat
transfer coefficient, but is not expected to affect the orientation-dependent droplet dynamics
captured here that govern the maximum droplet sizes. The droplet size distribution is also
a function of the coalescence length scale, which is related to the nucleation density and
depends on both the supersaturation and the concentration of NCGs. Here, we chose a
value of rcol= 1µm that is representative of our surface and experimental conditions. In the
absence of NCGs, the actual subcooling (within the water vapor layer) can increase for the
same supersaturation, which may result in surface flooding [103]. It has recently been shown
that this issue can be mitigated by using tall and dense nanowires that promote nucleation
atop the surface [64].

These trends are qualitatively similar to those reported by Koch et al. for dropwise conden-
sation on a smooth surface, where the vertical orientation performed the best and the flat
surface performed the worst [58]. However, extending this concept of orientation-dependence
to jumping-droplet condensation for the first time results in some interesting new insights.
For example, recent experimental measurements of jumping-droplet heat transfer coefficients
have found 30% [22] and 60% [65] enhancements compared to dropwise condensation on a
smooth surface. The superior performance of the latter case was exclusively attributed to
the addition of hydrophilic bumps to increase the nucleation density, but we suggest it could
additionally be due to its vertical orientation compared to the use of a horizontal tube in
the former case. Indeed, the report using a horizontal tube did very briefly mention an
observation of larger droplets at the bottom of the tube compared to the sides [22], which
is better understood in light of our present work. Follow-up studies should experimentally
measure hc for a superhydrophobic surface with different surface orientations, and also pay
more attention to a possible time-dependence for hc especially for the horizontal case. Fi-
nally, the measured contact angle hysteresis for Cassie droplets (≈ 10◦) is relatively high on
our present surface compared to other superhydrophobic surfaces; it is probable that the
heat transfer of the vertical orientation could be even further enhanced using more advanced
surface structures.
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3.4 Conclusion

Here, have shown that the dynamics of jumping-droplet condensation are heavily affected
by gravity and surface orientation. While larger droplets become stuck on a horizontal su-
perhydrophobic condenser, they are capable of sliding down an inclined surface or detaching
from an upside-down surface. We also identified that coalescence can serve to detach larger
droplets from their pinned Wenzel necks, which substantially reduces the critical size required
for gravitational sliding. These orientation-dependent shedding dynamics directly affect the
resulting droplet size distribution of growing condensation, which in turn affects the heat
transfer coefficient. Compared to the baseline cases of flat or upside-down condensers, a
jumping-droplet surface inclined by 45◦ or 90◦ should exhibit an increase in heat transfer
of 40% and 100%, respectively. These findings should have profound implications regard-
ing our understanding of jumping-droplet condensation heat transfer, for example a vertical
wall should perform better than the horizontal tubes currently used to measure efficiency.
Given that jumping-droplet condensation already exhibits a higher heat transfer coefficient
than any other form of condensation, the ability to increase performance even further with
an optimal surface orientation should motivate future implementation in power plants and
HVAC systems.
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Figure 3.4: Gravitational sliding of droplets on a vertically oriented surface. a) The droplet
marked in the green circle started sliding as it was near the critical departure size for Cassie
droplets on the vertically oriented condenser. Even though the droplet marked in red arrows
was much bigger than the sliding droplet, it was stuck due to impalement on the surface
structures. b) The bigger droplet (red arrows) started sliding after coalescing with the
smaller droplet (green circle). c) For an upside-down surface orientation, droplets virtually
always fall or jump from the surface upon coalescence (green circle).
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Coalescence Neck detachment

A

B
t= 0 ms 18 ms 43 ms

500 µm

Figure 3.5: Coalescence-induced neck detachment and subsequent gravitational sliding. a)
Side-view imaging of gravitational shedding facilitated by coalescence on a 45◦ inclined sur-
face. Initially, the two droplets are pinned on the surface despite being millimetric in size. As
the two droplets coalesce together, the released surface energy is used to detach the merged
droplet from the impaled Wenzel necks, enabling sliding in a Cassie state. See also Movie
S2. b) Schematic of the coalescence-induced gravitational droplet departure mechanism.
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Figure 3.6: Semi-log phase maps showing the different regimes of gravity-assisted removal of
condensate from superhydrophobic surfaces. Both Cassie droplets and impaled droplets with
Wenzel necks are considered. a) For inclined orientations, the non-dimensionalized critical
droplet radius (R/lc) depends on the inclination angle (α). The green dashed line represents
the minimum size for the coalescence-induced jumping of an inflated droplets. The blue
circles are all experimental observations of droplets shedding by gravity after coalescence-
induced neck detachment. The blue diamond is the only experimental case of an isolated
Cassie droplet sliding by gravity upon reaching the critical size. b) For an upside-down
surface, R/lc now depends primarily upon the solid fraction governing the work of adhesion.
Experimental data points for the coalescence-induced droplet detachment and falling are
shown by the blue circles.
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Figure 3.7: Summary of orientation-dependent droplet size distributions and their effects on
heat transfer. Variation of the a) average droplet diameter; b) maximum droplet diameter
and c) fraction of the condensing surface covered by the droplets with time for different
surface orientations. Error bars represent one standard deviation over three trials for the
horizontal and 45◦ orientations and over two trials for the vertical orientation. d) Expo-
nential decay of the theoretical steady-state condensation heat transfer coefficient (hc) with
increasing maximum droplet diameter (Dmax) on the surface with α̂ = 0.35 and ∆T = 5K.
Inset: heat transfer coefficients at different surface inclinations with respect to that for a
horizontal orientation.
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Chapter 4

How Jumping-Droplet Condensation

Spreads Fungal Disease with the Help

of Wind

“The answer, my friend, is blowin’ in the wind...”

−Bob Dylan

The content of this chapter is just accepted as an article in PNAS [104], and reproduced here
with minor modifications. This chapter experimentally investigates the synergistic effect of
wind and jumping-droplet condensation on the dispersal of rust spores from superhydrophobic
wheat leaves.
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4.1 Introduction

Spores of plant pathogenic fungi are spread in three stages: liberation from the host by
some active or passive method(s), drift by biotic or abiotic factors, and deposition onto a
new host [105]. Examples of active liberation mechanisms include osmotic pressure-driven
ejection of ascospores of Fusarium graminearum (causal agent of Fusarium head blight of
wheat) and ballistospore ejection from the tip of a sterigma due to the chemical secretion of
a Buller’s drop of the jelly fungus Auricularia auricula [106, 107]. In the absence of wind,
the resulting dispersal distance is a function of both the weight of the spore(s) and the initial
discharge velocity, with the range of discharge varying from 40µm for basidiospores [108] to
6 m for the artillery fungus [109]. Passive liberation and dispersal mechanisms, such as wind
and rainsplash, can spread fungal diseases in plants [110]. For wind to successfully liberate
dry spores, an unusually strong and/or sudden gust of wind is required [105, 110, 111, 112,
113]. In contrast, rainsplash can liberate spores from a plant either through transferring
momentum to the leaf to launch spores off [114, 115] or by adhering spores to splashed
satellite droplets [116, 117]. Spores ejected by active methods or rainsplash can only disperse
over a very short distance in the absence of wind [118], but when carried in moderate winds
can travel for many kilometers [119, 120].

After liberation, dispersion of spores increases the number of infection sites and consequently,
the probability of disease among susceptible hosts within a field or beyond[105, 121]. Dis-
persal gradients, which show the variation in spore concentration along the distance from
the source, are often estimated to provide insights into the specific spore dispersal mech-
anisms. Wind is the most important abiotic factor for any large scale fungal disease dis-
semination[120] which can act singularly or concomittantly with the other active or passive
dispersal mechanisms[118]. For active discharge, the dispersal distance is a function of both
the weight of the spore(s) and the initial discharge velocity as the range of discharge varies
from 40µm for the basidiospores[108] to 6 m for the artillery fungus[109]. Rainsplash can
also disperse spores via either dry dispersal[115, 122] or spore-laden small satelite droplets
released by the impact of the raindrops on the plant surface[116]. Almost all of these active
or passive dispersal mechanisms are spatially limited to few plant distances in a canopy and
needs the assistance of wind for any significant travel distance.

One recent study reported an entirely new mode of pathogen liberation, where coalescing
dew droplets on superhydrophobic wheat leaves jump out-of-plane with considerable velocity
(0.1–1.0 m/s) and carry adhered spores of a fungal plant pathogen [24]. Mechanistically, the
out-of-plane motion is a result of symmetry breaking as the expanding liquid bridge during
coalescence impinges upon the bottom substrate [11, 21, 68] (Fig. 6.1A). While this initial
report characterized the jumping-droplet liberation of spores in the absence of wind [24], it
did not consider the subsequent dispersal or deposition which ultimately governs the rate
of disease spread. Here, we characterize the dispersal of spores of leaf rust (Puccinia tritic-
ina) after they are liberated from a diseased wheat leaf via jumping-droplet condensation.
Two different scenarios are explored: short-range and long-range drift and deposition in the
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absence and presence of wind flow, respectively (Fig. 6.1B,C). We found that even a low
wind speed is capable of dispersing as many as 100 jumping droplets and 25 spores to a
single leaf downwind of a diseased leaf saturated in dew. Our ability to quantify both the
liberation and dispersal of fungal spores from a diseased leaf during a dew cycle improves
our understanding of disease spread within and among plants [105, 121, 123, 124].

4.2 Materials and Methods

Preparation of wheat leaves

A mixed seed of two winter wheat lines, Massey and VA-135, both known to be susceptible
to stem rust, were provided by the Griffey lab at Virginia Tech. The growth and inoculation
process of the plants are the same as that described in previous reports[24, 115]. The mature
leaves were cut from the stem and used within 6 h for the experiments.

Experimental set-up

For all the condensation-induced and dry spore dispersal experiments, a section of a diseased
wheat leaf was bonded with thermal grease (Thermalcote, 251G-ND) to a cold plate attached
to a chilled recirculator (Fischer Scientific, 13874647). Each leaf section was approximately
3 cm long and was taken from the middle portion of a wheat leaf, where the width was fairly
uniform and approximately 1 cm (see Figure B.1). The cold plate was custom machined, such
that three of the leaf section’s four edges perfectly aligned with the edges of the plate. Due
to the varying laboratory ambient temperature and humidity, the cold plate temperatures
were varied across the experiments while maintaining a supersaturation of S=1.49 ± 0.26.
Jumped droplets from the leaf sections were captured on 76 mm×26 mm water-sensitive
papers (Syngenta, 347456). The condensation experiments were started only after the cold
plate temperature reached the set value and significant condensate droplets appeared on the
leaf surface. All experimental trials were run for 1 h. A total of three trials were run for each
case (No wind, Vwind =0.5m/s, Vwind =1.5m/s, and dry dispersal). Wind experiments were
done using either of the two variable speed fans (AC Infinity, Multifan S1, or TerraBloom,
TB-MFIF-6). In all the experiments involving wind, to achieve the desired wind speed
above the leaf, the speed of the fan and the distance between the fan and the leaf were
changed. Wind speed measurements were done 1 cm above the leaf and the water-sensitive
papers with an anemometer (Omega, Model No.: HHF81). For the no-wind experiments,
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the anemometer was used to confirm a zero wind speed in the laboratory. While there was
some minor air circulation in the laboratory that sometimes boosted the lateral movement
of jumping droplets, it was always beneath the anemometer’s minimum measurable wind
speed of 0.4 m/s. For the dry dispersal of spores with only wind and no condensation on the
leaf, 3×5 in. adhesive papers (Sensor®, Yellow Pest Monitoring Cards) were used to capture
the dry spores from the leaf.

Image Analysis

The stain-patterned water sensitive papers were collected at the end of a condensation ex-
periment trial (see Figure B.3). The papers were then analyzed under an optical microscope
(Nikon, Model: Eclipse LV150) with a 10X objective lens (Mitutoyo, M Plan APO). Due to
the magnified field-of-view being much smaller than the paper dimensions, we used a live
image-stitching software (Manual Whole Slide Imaging, Microvisioneer) to obtain a com-
posite image of all spores and droplet stains. The stitched images were then analyzed in
Qupath, an open source image analysis software. For the dry dispersal experiments, the
same technique was used to count the spores.

Fungicide spraying on healthy leaves

A fungicide solution was prepared by mixing 80 ppm fungicide (Proline 480 SC Fungicide,
Bayer CropScience) and 125 ppm surfactant (TopSurf, Winfield Solutions) in water. See
a previous report[117] for specific details on the fungicide and surfactant constituents. An
atomizer (Portable SprayerSystem, Preval 267) was used to spray this solution on the healthy
wheat leaf sections. For a uniform coating, the sprayer was held about 5 cm above a leaf
section and sprayed while guiding it back and forth once, along the length of the leaf. Contact
angle measurements and video imaging of coalescence on these sprayed leaves were done once
the leaves were dried for at least 2 h under a fume hood.

Imaging

A high-speed color camera (Vision Research, Phantom v711) was used to capture the jumping
droplet liberation and drift from the healthy wheat leaves as well as the coalescence of
condensing droplets on the fungicide-sprayed wheat leaves. All the videos were captured at
7,500 frames per second at 1,024×768 resolution.
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Contact Angle Measurements

Advancing and receding contact angles of water droplets on healthy wheat leaves (both non-
sprayed and fungicide-sprayed) were measured with a goniometer (ramé-hart, Model 590).
A 10µL water droplet was deposited on the surface and the shrink/swell method was used
to find the advancing and receding contact angles.

4.3 Results

4.3.1 Range of spore dispersal via jumping-droplet condensation
alone

To explore the short-range dispersal of rust spores without any wind flow, we bond a piece of
a wheat leaf to a horizontal cold plate with thermal paste (Fig. 4.2A) and decreased the plate
temperature below the dew point temperature. Due to the nanoscale surface asperities on
the wheat leaves which render them superhydrophobic, jumping-droplet condensation was
observed on the diseased wheat leaves where coalescing droplets jumped off the surface with
or without spore(s) [24]. Once a sufficient (i.e. steady-state surface coverage) amount of
condensates formed on the leaf (which took about 15–30 min depending on the laboratory
air temperature and humidity), a water-sensitive paper was placed on a lower platform
directly underneath the leaf on the upper cold plate. After each trial, the water-sensitive
paper was analyzed under a top-down optical microscope. Impacted water droplets created
quasi-circular dark blue stains on the paper, while adhered spores were directly visible as
brown quasi-spherical objects (see Figure B.3). Three different measurements were made
from the water-sensitive paper: the number of spores within each droplet stain, the final
lateral distance (i.e. stain location) of a jumping droplet from the edge of the overlying leaf
(lf), and the maximum diameter of the stains (Dmax).

With this information, a dispersal gradient was generated which showed the spatial variation
in the spore number density with increasing distance from the source [125]. A modification
to the classical dispersal gradient was necessary for our jumping-droplet spore dispersal, as
the number of spores within each jumped droplet varied significantly. Therefore we made a
three-dimensional frequency plot (Fig. 4.2B), which quantified both the number of droplets
and the number of spores per droplet at any given distance from the source leaf. It is evident
from the plot that the majority of droplets (≈ 57%) jumping from the diseased leaf contained
only one spore. About 39% of the droplets contained 2–10 spores and in rare cases (≈ 4%)
droplets contained more than 10 spores. In one case, a droplet contained 55 spores. In terms
of the lateral jumping distance from the edge of the leaf, the spore-laden droplet counts
were highest within lf= 7.5 mm (≈ 95%). The location of the remaining spore-laden droplets
ranged from lf = 7.5–17.5 mm. This shows that even without any appreciable wind, spores
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Figure 4.1: Spore dispersal via jumping-droplet condensation. (A) Jumping droplet con-
densation on a healthy wheat leaf. Two condensed droplets coalesce (2nd frame) and jumps
off from the superhydrophobic wheat leaf (3rd frame). (B) Without any wind, the jumped
droplets with spores can land on an adjacent healthy leaf spreading the disease within the
plant. (C) in low (0.5 m/s) to moderate (1.5 m/s) wind speed the spore-laden jumped droplets
can travel close to a meter which is enough to land on a different healthy plant within the
field.

can disperse to other leaves of the same plant or leaves of a neighboring plant for a dense
canopy [126] powered entirely by jumping-droplet condensation.

To rationalize the experimental measurements of lf, the theoretical range of a jumped droplet
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was calculated. Specifically, we solved the equation of motion for a spherical projectile (the
rust spores are spheres) of radius R, launched with an initial velocity u at angle θj with respect
to the horizontal leaf surface. The jumping velocity is capillary-inertial: u ≈ 0.22(γ/ρR)1/2,
where γ and ρ are the surface tension and the density of water, respectively, and the 0.22 pre-
factor accounts for the surface energy that is lost to oscillatory (rather than translational)
kinetic energy [11, 21, 68]. It was not possible to correlate a stain on the water-sensitive
paper with the angle (θj) of the corresponding coalesced droplet jumping from the leaf.
However, previous studies of jumping-droplet condensation have reported that a wide range
of jumping angles are possible: θj=10◦− 90◦, with the value depending on the number, size,
and geometric arrangement of the droplets coalescing together [24, 127].

The pre-impact radius (R) of a droplet can be estimated from the stain diameter (Dmax)
using the spread factor, which is the ratio of stain diameter over the impacting droplet
diameter. Spread factor values corresponding to the strain diameters on the water-sensitive
papers were extracted from the plots provided with the product datasheet (see Figure B.4).
Here, we have assumed all the jumped droplets have impacted the paper with terminal
or sedimentation velocity, V = 2ρgR2/9µa, where ρ and µa are the water density and air
dynamic viscosity, respectively [128]. For Dmax, we only considered non-overlapping stains
with at least one spore. Using the spread factor relation, the droplet radius range was found
to be R= 11–147µm.

Using the equation of motion for the specific case of R=80µm (see section B.1), Fig. 4.2C
graphs the lateral displacement (l) of a jumping droplet as a function of time. The three
different displacement curves correspond to three different representative jumping angles:
θj = 30◦, 60◦, 89◦. Each curve stops at a critical time of flight (tc) where the droplet is
predicted to impact the water-sensitive paper, such that l(tc)= lf. The minimum theoretical
value of lf was 0.17 mm for θj = 89◦ and the maximum value was 7.46 mm for θj = 30◦.
Additionally, the experimentally measured values of lf were plotted (green triangles), also
for the case study of R= 84±5µm as obtained from the spread factor and stain diameter
relation. For the time axis, all the experimental plot points were placed at the average time
of flight value for the three launch angles. The experimental values for lf all fall within
the boundaries set by the theoretical equation of motion. Similar plots for other droplet
sizes (R = 60µm, 100µm) are included in the Figure B.6. For these other cases, some
droplets exhibited an lf that exceeded the theoretical boundaries, which high-speed imaging
confirmed was due to the droplets getting boosted during their descent by the laboratory’s
air circulation.

4.3.2 Range of spore dispersal via jumping-droplet condensation
in presence of wind

We showed that jumping-droplet condensation alone can liberate spores from a diseased
leaf, enabling the possibility of multiple disease foci within a plant or neighboring plants
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Figure 4.2: Spore dispersal in no wind condition. (A) Experimental laboratory set-up to find
the range of dispersal of jumping-droplet condensates with spores in the no wind condition.
The water sensitive paper was analyzed under a microscope and the distance lf from the
edge of the leaf was measured for each droplet stain containing a spore(s). (B) Frequency
plot showing the number of spore-laden droplets versus the lateral impact distance from the
source leaf. The y-axis shows the number of spores in each droplet. (C) Theoretical range for
an 80µm droplet with three different jumping angles: θj=30◦ (solid curve), 60◦ (dotted) and
89◦ (dot-dashed). Experimentally obtained lf values (green triangles) were superimposed for
droplets whose splash diameter corresponded to a pre-impact radius of R = 84±5µm, as
determined from the spread factors.

(provided optimal environmental conditions and sucseptible hosts). But it is evidently not
effective in dispersing the spores beyond few millimeters. As with other passive methods of
spore liberation, we should now consider how wind can enhance the range of the subsequent
dispersal. In our case, the wind becomes especially relevant once a spore-laden jumping
droplet clears the thin laminar boundary layer above the leaf. Thus it is important to consider
the synergistic effect of condensation and wind in spore dissemination, similar to how wind
affects spore dispersal by rainsplash [129]. Simulating the effect of wind in a laboratory
setting is challenging for several reasons. First, the wind increases the spatio-temporal scale
of the spore transport [118]. Second, higher wind speeds can be detrimental for the growth
of condensate droplets on the leaf, diminishing the jumping-droplet effect. Third, a wind
speed higher than a critical value can shear off the droplets from the leaf surface before they
can jump via coalescence. In this report, we have used two separate wind speeds for the
experiments, 0.5 m/s and 1.5 m/s, comparable to the maximum favourable wind speed for
dew formation on radiantly cooled surfaces [130], but much lower than the critical wind speed
of about 10 m/s for shearing off the spore-laden micrometric droplets off the leaf surface [24].

A previous report by Nath et al. showed that spore-laden condensate from a diseased wheat
leaf can jump a vertical distance that tends to range from 1–5 mm [24]. We need to determine
whether this jumping distance is enough to clear the quiescent boundary layer above the leaf’s
surface. The laminar boundary layer thickness δ above a horizontal leaf surface for a free
stream wind velocity U can be estimated as δ ∼

(
νx
U

)1/2
[24], where x ≈ 3 cm is the leaf
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Figure 4.3: Spore dispersal in low to moderate wind condition. (A) A variable-speed axial
fan was introduced in the set-up to achieve low to moderate wind condition over the leaf
surface. The water sensitive papers were placed in an array with a gap of 5 cm between each
paper. To cover a large area around the source, similar paper arrays were placed in 4 different
angles. (B,C) Number of stains with or without spores and the number of spores per paper
are plotted against the distance from the diseased leaf for two different wind speed- 0.5 m/s
(B) and 1.5 m/s (C). All distances are measured horizontally (directly downwind) from the
leaf on the extended cold stage platform. Each box corresponding to a distance in the plots
represents individual measurements from six separate papers across the three trials.

length along the wind flow direction and ν=1.5×10−5 m2s−1 is the air kinematic viscosity.
With this, δ≈0.95mm for U =0.5m/s and δ≈0.55mm for U =1.5m/s, both less than the
characteristic jumping height. Thus, once droplets coalesce and jump off the leaf surface,
they can readily cross the slow moving boundary layer to get carried away by the overlying
free stream. We will try to validate this hypothesis in the following experiments involving
wind-induced dispersal.

The experimental setup involved a variable speed axial fan placed about 10 cm behind the
leaf (Fig. 4.3A). Water sensitive papers were arranged in linear arrays with an edge-to-edge
distance of 5 cm between each paper. One array of papers was placed directly along the axis
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of the wind flow (α = 0◦), up to a maximum distance of 1.5 m in front of the leaf. Three
additional linear arrays of papers were placed at α=30◦, 45◦ and 60◦ with respect to the wind
flow. Once enough condensate droplets were grown on the leaf, the experiment commenced
by turning the fan on. The desired wind speed above the leaf was achieved by adjusting the
fan speed and/or by changing the distance between the leaf and the fan. The wind speed
was measured with an anemometer placed about 1 cm above the leaf, an order of magnitude
higher than the boundary layer thickness. The water sensitive papers with the blue stains
were collected after 1 hr of the fan being on and analyzed under the microscope. As most of
the stains (with and without spores) were found on the papers along the α= 0◦ line, only
those results are plotted here. See Figures B.7 and B.8 for the results from the angled arrays.

Fig. 4.3B and C shows the results of the analysis from the synergistic wind and condensation
experiments. Regardless of the wind velocities, spore-laden droplets were found mostly
within 45 cm from the diseased leaf. For the higher wind speed of 1.5 m/s, a considerable
number of droplets (≈ 80 across three trials) with or without spores traveled as far as
1.5 m, more than three times the maximum distance traveled by droplets in 0.5 m/s wind.
Conversely, with higher wind speed, the total number of dispersed droplets (with or without
spores) captured by the water-sensitive papers decreased significantly (≈ 640 for 0.5 m/s
compared to ≈ 400 for 1.5 m/s wind speed, across three trials). One possibility is that the
higher wind speed reduces the number of jumping droplets, by disrupting the diffusive flow
field that was growing the droplets to promote coalescence. However, it is also possible the
higher wind speed actually increases the number of dispersed jumping droplets, due to the
decreased thickness of the laminar boundary layer over the leaf. If the latter effect out-
competes the former, the reduced number of captured droplets/spores at higher wind speeds
can be rationalized by the fact that many of the droplets simply travel beyond the range of
the water-sensitive papers. Wind speed measurements above the individual papers along the
α=0◦ line (see Figure B.9) for Vwind =1.5m/s revealed a wind speed of about 0.9 m/s over
the farthest paper (≈ 140 cm from the leaf). This wind speed is significant enough to carry
the spores farther, validating our intuition about the spatial limitation associated with this
wind study.

A control experiment was also run, for a diseased leaf without any condensation, to com-
pare the relative importance of wind-induced dry dispersal of spores. For capturing the dry
spores, we replaced the water-sensitive papers with adhesive papers. For both the 0.5 m/s
and 1.5 m/s wind speeds, no spores were captured by any of the adhesive papers. This is
consistent with previous reports on the removal of dry brown rust spores, which found that
appreciable spore liberation occurs for wind speeds of at least 1.3 m/s when subjected to
short bursts of increasing wind speeds [131] or 4 m/s for continuous wind [24]. Theoretical
calculation also suggest a critical wind speed value in the range of 2–10m/s for the dry mi-
crometric spore removal from the leaf surface (see section B.2). It can therefore be concluded
that jumping-droplet condensation is necessary for spores to get liberated under a moderate
wind speed, with the wind solely assisting the subsequent dispersal.
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Figure 4.4: Effectiveness of wet dispersal over dry dispersal of spores. (A) A modification
of the spore capturing set-up was used to maximize spore capture in wet (both wind and
condensation on leaf) and dry dispersal (only wind, no condensation on leaf). A water-
sensitive paper or adhesive paper was placed perpendicular to the diseased leaf on the cold
stage, depending on wet or dry dispersal, respectively. A variable speed fan was placed some
distance away from the leaf to ensure spore dispersal from the leaf. (B) Plot comparing the
number of spores captured with jumping droplet-condensation on diseased leaves in presence
of wind (wet-dispersal, red) and spore dispersal via wind only without any condensation
(dry-dispersal, yellow). The dashed red lines for both wind speeds show the total number
of captured spores in the long distance set-up of Fig. 4.3B,C. (C) Chronophotograph of a
jumping dew droplet on a healthy wheat leaf. Even with no applied wind (only the lab’s
natural air circulation), the jumped droplet could travel over the edge of the leaf. The blue
circle shows the coalescence event that initiated the droplet jumping, while the red circle
shows the final impact location beyond the leaf’s edge. In the inset, a magnification of the
quasi-spherical dew droplets is shown, indicating the superhydrophobic contact angle. (D)
Once a healthy leaf was sprayed with fungicide, the contact angle was dramatically decreased.
Coalescence of growing dew droplets now resulted in filmwise condensation, rather than
jumping-droplet condensation.
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4.3.3 Comparison of individual effect of wind and jumping-droplet
condensation on the spore dispersal

While Fig. 4.3 quantifies the number of spores dispersed to a given location downwind, it
cannot capture the total number of spores being carried away from the diseased leaf. To
resolve the latter, we now place a single water-sensitive paper just downwind of the diseased
leaf, with the paper held perpendicular to the leaf plane (Fig. 4.4A). As before, we performed
three trials for both Vwind = 0.5 m/s and 1.5 m/s, using leaves from the same diseased plant
to minimize trial-to-trial variability. The fan was turned on once enough condensate droplets
appeared on the diseased leaf (≈ 30min) and the water-sensitive paper was analyzed after
each 1 hr experiment (Fig. S4B). As a control test, we also ran the experiment without any
condensation on the diseased leaves (dry dispersal) and using a dry adhesive paper as the
perpendicular surface.

The results plotted in Fig. 4.4B show a complete picture of the spore dispersal via condensa-
tion and wind. The median number of spores captured with Vwind = 1.5 m/s was about 800
compared to about 50 for Vwind = 0.5 m/s, an order of magnitude higher. This reveals that
the higher wind speed is a net benefit to the number of dispersed droplets/spores, i.e. the
benefit of a thinner boundary layer out-competes the detriment of a reduced rate of conden-
sation growth. In other words, going back to the setup in Fig. 4.3, these present findings
indicate there were actually more jumped droplets traveling in the wind for Vwind= 1.5 m/s,
despite the fact that more were able to settle downward for collection onto the papers for
Vwind= 0.5 m/s. Of course, in actual crop fields, the magnitude of dew-induced spore disper-
sal will depend upon the supersaturation (i.e. rate of growth and coalescence events) and
duration of a dew cycle.

The trend of the perpendicular paper capturing more spores at a higher wind speed was
also observed for the case of dry dispersal. We found no spores on the adhesive paper for
Vwind = 0.5 m/s and a maximum of 44 spores at Vwind = 1.5 m/s. This is consistent with a
previous study on the wind removal of brown rust spores (P. recondita f.sp. tritici, now
known as Puccinia triticina), which reported 1.3 m/s as the threshold wind velocity [131].
But perhaps the most significant aspect of the result presented in Fig. 4.4B is the stark
contrast in the amount of spore collected in dry dispersal (i.e. only wind) versus a dew cycle
where condensation and wind work together. For Vwind = 1.5 m/s, comparing values of the
highest amount of spores collected for the dry dispersal (44 for one trial) with the lowest
amount for a dew cycle (305 for one trial) conclusively shows that jumping dew droplets
are the primary liberation mechanism for moderate winds, with the wind mostly serving to
boost dispersal. The importance of the dew cycle is even more stark for Vwind = 0.5 m/s, as
no spores could be collected from wind alone but a minimum of 33 spores were found during
a dew cycle. The results of Fig. 4.3 and Fig. 4.4A and B conclusively show that even in the
absence of any rain or strong wind (a necessary pre-condition for a moderate to heavy dew
formation), fungal pathogens can still spread via jumping-droplet condensation on the wheat
leaves.
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For all experiments performed here, the leaves were always fixed to a horizontally-oriented
cold plate. This is hardly the case for natural wheat leaves, which can be oriented in all
possible inclinations and bend/twist when subjected to wind flow [132]. We suggest that
this experimental limitation does not affect the key findings of this study, as it serves as a
conservative estimate to spore dispersal. For the no-wind condition, an inclined leaf would
increase the number of spore-laden droplets able to jump beyond the leaf’s edge, while addi-
tionally enabling gravitational rolling for larger droplets [51]. Under windy conditions, the
resulting oscillations would increase the number of coalescence events for enhanced droplet
jumping [133] and gravitational shedding.

How does spore dispersal from jumping dew and wind compare to rain-induced dispersal?
Pathogen dispersal due to raindrop impact occurs via both vortex-induced dry dispersal
[115] and splashed droplets [116]. A previous study experimentally demonstrated that a
4.9 mm diameter raindrop impacting a wheat leaf liberated about 8,000 rust spores for a
release height of 5 cm and 60,000 for a release height of 100 cm [122]. Their corresponding
simulation indicated that for a rain intensity of 10 mmh−1, about 2.510–1010 total spores
would be removed over a 5 min period. This number dwarfs the amount of spores being
liberated and dispersed from jumping dew and a gentle wind, which we measured as roughly
100–1,000 spores/hr for each diseased leaf (cf. Fig. 4.4B). However, we argue that as dew
cycles in nature regularly occur in the complete absence of rain, these two modes of spore
dispersal are complementary rather than in direct competition.

4.3.4 Suppression of jumping-droplet condensation on wheat leaves

Now that we have identified the synergistic roles of jumping-droplet condensation and wind
flow for liberating and dispersing spores, we should consider potential disease mitigation
strategies. One approach is to suppress the jumping-droplet effect, which would remove the
liberation mechanism that necessarily precedes wind-assisted dispersal. Previous studies of
jumping-droplet condensation on engineered surfaces have shown that a superhydrophobic
nanostructure is necessary for inflating dew droplets to the quasi-spherical contact angles
required for coalescence-induced jumping [21, 25, 59, 68, 84]. Here, we apply a commonly
used fungicide that is known to increase the leaf’s wettability from superhydrophobic to
hydrophilic [117]. Given that the growth and jumping hydrodynamics of dew droplets are
not appreciably influenced by the presence of fungal spores [24], for simplicity, we compared
condensation on healthy leaves that were either sprayed or not sprayed with the fungicide.
On a healthy, non-sprayed leaf, deposited water droplets exhibited advancing and receding
contact angles of θA= 142.4◦±1.6◦ and θR= 138◦±2.6◦, respectively. This low contact angle
hysteresis (θA − θR < 10◦) is indicative of the low-adhesion Cassie state [134], confirming the
surface is effectively superhydrophobic. In contrast, when the healthy leaves are sprayed with
a fungicide (Materials and Methods) and dried before condensation, the advancing contact
angle ranges widely from θA= 0◦–59◦ and the receding contact angle is almost zero.
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Rather than using water-sensitive paper to indirectly characterize jumping behavior, we ob-
served the condensing leaf directly using side-view high-speed microscopy. From the inset of
Fig. 4.4C, it can be seen that the dew droplets retain the large (superhydrophobic) contact
angles exhibited by deposited droplets. As expected from its superhydrophobic surface wet-
tability, the growth and coalescence of micrometric dew resulted in the jumping-droplet effect
for non-sprayed leaves (Fig. 4.4C). Even in the absence of any detectable wind, successive
coalescence events resulted in jumped droplets depositing beyond the edge of the leaf. The
hydrophilic sprayed leaves, on the other hand, grew dew droplets with hydrophilic contact
angles that culminated in filmwise condensation (Fig. 4.4D). These high-adhesion, low-angle
droplets are inherently inimical to coalescence-induced jumping. Thus, we have shown that a
simple application of a fungicide can suppress the condensation-induced liberation of spores
from the leaf surface.

Given that a number of previous reports have shown jumping-droplet condensation on nat-
ural surfaces, including wheat leaves [24], lotus leaves [135], and cicada wings [23], proper
contextualization of our current work is warranted. While our previous study demonstrated
the jumping-droplet-induced liberation of fungal spores from wheat leaves [24], liberation
alone is a necessary but not sufficient condition for any disease epidemic. In this study, we
have extensively looked into the subsequent dispersal/deposition of the spores on a wide
spatio-temporal scale, necessary to facilitate large-scale disease dissemination [136]. We
found that even without any detectable wind, rust spores can be liberated and transported
to neighboring plants solely via jumping dew droplets. We also showed that long-range
dispersal of spore-laden jumped droplets is possible when a light wind flow is introduced.
Similar wind, on the other hand, is unable to liberate and disperse dry spores from the leaf
surface. This strongly establishes the importance of the dew-induced spore liberation mech-
anism in wheat crops. A simple and cost-effective solution to suppress the jumping-droplet
condensation on wheat leaves is also introduced in this study.

4.4 Conclusion

Jumping-droplet condensation has only recently been discovered as a fungal spore liberation
mechanism for wheat leaves [24]. Here, we have shown that even in the absence of any
rain or significant wind, jumping-droplet condensation is sufficient to launch pathogenic
matter away from a wheat leaf for local dispersal. Further, in the presence of a low wind
flow, we have shown that jumped droplets can clear the boundary layer to enable long-range
dispersal in the wind. Although our discussion was centered around wheat leaves, there are a
wide variety of superhydrophobic plants [135, 137, 138, 139] where jumping-droplet-induced
pathogen liberation and dispersal could be similarly important. We were able to completely
suppress the jumping-droplet effect by applying a common fungicide to increase the surface
wettability of the wheat leaves. These findings indicate the application of a hydrophilic
spray could be a simple yet effective solution for halting the ability of dew cycles to spread
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disease across crops. Future research could determine whether the jumping-droplet effect
could alternatively be halted by seeing how the leaf wettability varies with differing cultivar
architectures.
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Chapter 5

The Curious Case of Jumping Frost

“But you stand there so nice, in your blizzard of ice”
−One of us cannot be wrong, Leonard Cohen

This chapter was previously published in ACS Nano as a journal article. Adapted with minor
modifications with permission from [140] Electrostatic Jumping of Frost, Ranit Mukherjee, S.
Farzad Ahmadi, Hongwei Zhang, Rui Qiao, and Jonathan B. Boreyko, ACS Nano 2021 15
(3), 4669-4677, DOI: 10.1021/acsnano.0c09153. Copyright 2021, American Chemical Soci-
ety. This chapter introduces and analyzes a novel physical phenomena where frost particles
jump towards an opposing water droplet.
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5.1 Introduction

If we bring an electrically charged rod near a water faucet, the stream of water gets deflected.
This simple childhood experiment shows us the remarkable dipolar nature of water molecules,
which become partially aligned in the presence of an electric field [141]. Hexagonal ice, on the
other hand, cannot exhibit a net alignment even in an electric field [142]. However, colliding
ice particles can acquire an electric charge due to a difference in contact potentials [143].
Further, charge separation can occur across ice that exhibits a temperature gradient [144,
145, 146], such that a particle broken off the ice can exhibit a net charge. For example, when
air is blown over frost grown on a cold substrate, microscale “splinters” of ice get caught in
the flow which exhibit a negative electric charge [147, 148, 149]. Similarly, when a frosted
sphere was placed within a humid air flow, frost dendrites were observed to detach into the
flow and even explode into multiple pieces [150]. When frost is grown on a wire set at a
high voltage, simulating the conditions during a thunderstorm, it can generate charged ice
splinters [151, 152, 153] or even water droplets [154].

These previous reports clearly demonstrated that ejected ice particles can carry a charge;
however, either a convective air flow [147, 148, 149, 150] or high voltage [151, 152, 154]
were required to cause the ejection. Here, we demonstrate that not only splinters of frost,
but entire frost dendrites, can break off and jump from a growing frost sheet solely in the
presence of an opposing water film or droplet (Figure 5.1a,b). No air flow or applied voltage
were required, such that the jumping dynamics could be non-invasively captured with high-
speed photography. We show that the attractive force between the frost dendrites and body
of water can be extracted from the jumping kinematics and compared to models of charge
separation in frost.

5.2 Materials and Methods

Experiments in a room temperature environment

The basic experimental setup for the jumping frost experiments in the laboratory ambient
condition is shown in Figure C.1a in Appendix C. A Peltier stage was fixed to a goniometer
stage (ramé-hart, Model 590) used for growing frost on different substrates. The default
needle assembly with stainless steel needles (inner and outer diameters of 0.7 mm and 2.1
mm, respectively) was used to hold pendant droplets of water or other liquids over the frost
sheet. The droplet volume was varied between 1-10µL by using a syringe pump (ramé-hart,
Model 100-22). Slight modifications were done to this existing setup to hold a thin water
film opposite to the frosted substrates. A piece of filter paper (Sartorius) was attached with
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a b

Figure 5.1: The jumping frost phenomenon. (a) When a wet piece of paper is brought above
a growing sheet of frost, frost dendrites can break off from the sheet and jump toward the
paper. (b) Experimental chronophotograph of a jumping frost event, where an entire frost
dendrite detached from its substrate to jump toward a wet filter paper. The dotted line at
the bottom visualizes the top face of the substrate from which the frost was grown.

glue to the underside of a 3D printed holder (Figure C.1b). The plastic tube attached to the
holder ensured proper fitting with the needle assembly. The syringe pump supplied about
100µL of water to the filter paper through the needle assembly and the hollow channel.
The experiments were recorded from the side with a high-speed camera (Vision Research,
Phantom v711) attached to a macro lens (Canon MP-E 65mm f/2.8 1-5X).

Experiments under isothermal conditions

Frost was grown on a hydrophobic silicon wafer (Tw = –10 ◦C) in the docking room (T∞ =
3.2 ◦C, RH = 73.6%) of a walk-in freezer (T∞ = –12.7 ◦C ± 0.3 ◦C, RH = 72.6% ± 3%).
The relative humidity and temperature of the freezer were measured using a humidity and
temperature probe (E+E Elektronik, Model EE210). Once the silicon substrate was evenly
covered with frost, it was quickly brought into the freezer and left for 10 min before running
experiments, to ensure that the frosted surface reached the same temperature as the freezer.
Room temperature water and the 3D-printed filter paper holder were brought into the freezer
prior to the experiment, to similarly ensure that they cooled down to the freezer’s air tem-
perature. Just before the experiment, the filter paper was touched gently on the surface of
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the supercooled water to create a film of water and then held over the frosted surface. No
jumping was observed over a ∼5min span for each of the three trials.

Effect of air flow on the jumping

A point of concern for the jumping frost experiments was whether air currents could affect
the phenomenon. We addressed this issue in two different ways. First, an anemometer
with a minimum resolution of 0.3 m s−1 (Omega, model HHF81) consistently output a zero
value when held near the experimental setup, confirming that no substantive air flow was
present. While it is inevitable that the chilled substrate held within a room temperature
ambient will induce natural convection, we note that the convective current would be moving
toward the substrate, in the opposite direction of the jumping frost. Second, a supplemental
series of experiments were conducted within a closed peltier environmental chamber (ramé-
hart, Model P/N 100-30, dimensions: 81×55×44mm), where the jumping phenomenon was
similarly observed. These findings cumulatively indicate that the jumping frost phenomenon
was not appreciable affected by convective currents for our experiments.

Effect of the substrates and the opposing liquids on the jumping

For all of the experiments reported in the main manuscript, we used hydrophobic silicon
wafers to grow frost. Untreated hydrophilic glass and superhydrophilic aluminum were also
attempted, all of which exhibited the same jumping frost phenomenon. This indicates that
the jumping frost phenomenon can occur on substrates where wettability, electrical conduc-
tivity, and thermal conductivity widely vary. However, we do expect that the hydrophilic
surface will exhibit a higher frequency of frost dendrites from the ice-substrate interface (as
opposed to breaking off from mother frost) because of the reduced ice adhesion strength.[155]
On the hydrophilic and superhydrophobic substrate, the dendritic frost growth was preceded
by the freezing of supercooled filmwise condensation.[156] As this is not fundamentally dif-
ferent from growing frost from an ice sheet, we believe that the same jumping frost effect
would have been observed if the substrate was initially covered in ice.

Water droplets and films were used in most of the experiments, but additional liquids such as
acetone, ethylene glycol and decane were also used. For acetone and ethylene glycol, which
are both polar due to the presence of more electronegative oxygen atoms, jumping dendrites
were observed similar to the case of water. When a thin film of decane, a hydrocarbon, was
used as the opposing liquid, no jumping was observed for as long as 5 min.
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Image processing

An open-source software (Tracker) was used to track the jumped icicles over time and obtain
the velocity vs. time plot shown in the main text Figure 6.1d. For each case, t=0 is chosen as
the frame preceding the complete breakage of a frost dendrite. The origin of the coordinate
system was placed at the point of contact of the jumping icicle with the substrate or the
mother frost.

5.3 Results

Our experimental setup involves growing frost on a substrate and placing a liquid droplet
or film at some height above the substrate (Figure 6.1a,b). We used a completely dry hy-
drophobic silicon wafer which was thermally bonded to a Peltier stage set at Tw=–10± 1◦C
within a room temperature environment (air temperature T∞=25± 0.5◦C and relative hu-
midity RH=40 ± 10%). To suspend water above the silicon substrate, a 2 cm× 2 cm filter
paper was attached to a 3D-printed holder which was connected to a syringe pump. The
out-of-plane gap between the silicon and wetted paper was varied as H= 1 mm, 2.5 mm, or
5 mm. Initially, the filter paper remained dry while frost was grown on the chilled substrate
via condensation frosting [157]. When the frost sheet grew to a desired thickness, typically
in the range of h≈ 120–800µm, approximately 100µL of water was dispensed onto the fil-
ter paper (Figure 6.1b). As soon as the paper became saturated with water, several of the
dendrites within the frost sheet began to twist and turn.

Periodically, one or more of the micrometric dendritic branches or “splinters” would break
off from the frost sheet and jump towards the wetted paper (Figure 6.1c). Jumping dendrites
exhibited an initial acceleration of order a∼ 10 g and traversed the gap within t∼ 1–10 ms.
These jumping events tended to begin around ∼ 10 s after wetting the paper and continued
intermittently until the frost growth began to taper off. This jumping frost effect was also
observed on hydrophilic glass non-metal as with the silicon wafer) and a superhydrophilic
aluminum hydroxide surface (metal), indicating that the phenomenon can occur over a wide
variety of surface wettabilties and irrespective of differences in the thermal and electrical
conductivities. As micrometric frost splinters jumped with greater frequency than entire
(millimetric) dendrites, while also exhibiting a simpler shape, we focus our attention on the
splinters as a model system to understand the mechanisms behind the jumping phenomenon.
At the same time, the analysis will remain conceptually valid for the more dramatic case of
whole frost dendrites jumping.
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Figure 5.2: Dynamics of the jumping frost. (a) Schematic of the experiment: frost was grown
to an average height h on a sub-zero temperature (Ts) substrate. A filter paper was suspended
at a variable height H above the frosted substrate. (b) Shortly after adding water to the filter
paper, frost particles broke off and jumped towards the water-soaked paper. (c) Chronopho-
tography of a micrometric jumping frost particle, from the instance of break-off (t=0) until
it reaches the wet filter paper, for three different cases of H=1mm (red), 2.5mm (green) and
5mm (blue). All scale bars represent 100µm. (d) Dimensional plot of jumping velocity vs
time for frost particles jumping toward the suspended wet filter paper. The color scheme
of the data points matches that of Figure 6.1c. (Inset) Free body diagram of the spherical
approximation of an irregularly shaped dendrite. (e) Equivalent non-dimensional plot, where
all data collapse onto a universal theory line.

5.3.1 Dynamics of Jumping Frost

The velocities of the jumping frost were plotted against time for different H (Figure 6.1d).
Typical to the motion of an object in a fluid, the velocity of the frost increased continuously
and then attained a terminal velocity mid-jump before reaching the wetted paper. A force
balance on the jumped frost particle of mass m and velocity v(t) yields mdv(t)

dt
=Fa−Fg−Fd,

where Fa is the attractive force between the dendrite and the water, Fg is the force of gravity,
and Fd is the drag force (Figure 6.1d, inset). By approximating the jumping dendrite as a
perfect sphere of radius R, we can assume a Stokes drag of Fd =6πµRv(t), where µ is the
viscosity of the air. The area of the real-life dendrite was approximated as its projected area,
A∼ lw, where l and w are the in-plane length and width and it is assumed that the dendrite
is very thin. This same surface area was then mapped onto a perfect sphere to extract the
effective sphere radius (R). The assumption of Stokes drag is supported by the micrometric
radius of a typical jumping dendrite (R≈10µm), such that the maximum Reynolds number
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of the vapor flow around the jumping dendrite is only Re= ρVmax(2R)/µ≈ 1.2≈ 1, where
ρ=1.2 kg m−3 and µ=18µPa s are the air density and dynamic viscosity, respectively. The
maximum observed velocity of the jumped dendrites Vmax among all trials is about 0.9 m
s−1. Solving the force balance for v(t), with the initial condition of v(0)=0, we obtain:

v(t)=Vt

[
1− e−

t
τc

]
, (5.1)

where Vt=(Fa−mg)/(6πµR) is the terminal jumping velocity and τc=m/(6πµR)=2R2ρi/9µ
is the characteristic relaxation time for reaching terminal velocity, with ρi being the density
of ice. If the time to reach the water film, τe, is longer than τc, the velocity of the dendrites
will reach the steady velocity. This was always the case for H = 3 and 5 mm, whereas for
H = 1mm a steady velocity was only reached for the smallest particle sizes (due to the
R2 dependence of τc). We can now non-dimensionalize the experimental time with τc and
the velocities with the corresponding experimental steady velocity for all the experiments
where the dendrites reached a steady velocity. Figure 6.1e shows all the non-dimensional
experimental data collapsed over the theoretical curve from Equation 5.1. We can thus use
the experimentally measured values of Vt to extract Fa. For a typical case of particle radius
R ≈ 10µm, ρi = 917 kg m−3, µ ≈ 9.8µPa s, and Vt ≈ 0.1 − 0.9m s−1 we obtain an order
of magnitude estimate for the attractive force Fa ∼ 10−10 − 10−9 N. But now we need to
understand the mechanistic origins for this attractive force.

5.3.2 Charge Separation in Ice: Temperature Gradient Theory

Informed by previous reports of charge separation occurring in bodies of ice that exhibit a
temperature gradient [144, 145, 146], we hypothesize that the attractive force is electrostatic
in nature. This hypothesis was tested by suspending a wide variety of polar vs non-polar
liquids above the frost sheet (see Figure C.2). The jumping frost effect was consistently
observed when dangling a pendant drop of a polar liquid: water, acetone, or ethylene gly-
col, over the frost sheet. In contrast, no jumping frost was ever observed when suspending
non-polar droplets of decane or hexadecane. Similarly, no frost dendrites fractured or pro-
pelled from the surface when using dry filter paper (or not suspending any object at all).
While electrostatic charge can develop in these liquids flowing through a channel due to the
streaming current phenomenon [158], this was not the primary mechanism in our case. The
flow-independent electrification of our system was validated by two separate observations:
jumping was observed when using static pendant droplets or by gently submerging the filter
paper in water (rather than using a syringe pump). Triboelectric charging of the filter paper
can also be neglected, as dry filter paper did not promote frost jumping. Cumulatively,
these observations strongly indicate that the frost exhibits a charge separation that in turn
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polarizes the opposing liquid to produce an electrostatic attractive force.

The spontaneous electrification of ice has been studied intensively and almost exclusively by
the atmospheric community to understand thunderstorms, especially in the mid-twentieth
century [144, 145, 146, 148, 159, 160]. The electrical state of chemically pure ice is dominated
by its intrinsic charge carrying defects: ionic defects H3O+ and OH− (denoted by m and q)
and rotational Bjerrum D (positive) and L (negative) defects (d and l) [161, 162, 163, 164],
all of which are formed spontaneously by thermal activation. The thermoelectric theory put
forward by Latham and Mason [145, 159] described a temperature gradient-induced charge
separation in an ice slab. The warmer end of the ice will have a higher concentration of
thermally activated ionic defects, prompting their diffusion toward the colder end. As H3O+

diffuses about 3.3 times faster than OH−, this creates a potential difference across the ice
with the warm and cold ends exhibiting net negative and positive charges, respectively [146].

Let us now apply the Latham and Mason theory of charge separation to our specific case of
a dendritic frost sheet grown in warm air. Upon the earliest nucleation of nanoscale frost,
the temperature gradient is negligible such that the ionic defects are evenly distributed (Fig-
ure 5.3a). As the dendrites continue to grow outward from the nanoscale frost, their top ends
will increasingly warm (eventually approaching the melting temperature), while the base of
the frost is maintained at the temperature of the chilled substrate. As a result, the upper
portion of the frost will become negatively charged while the basal frost becomes positively
charged (Figure 5.3b). To validate that the charge separation in frost was required for den-
drites to become attracted to the opposing water, we performed a control experiment with
an isothermal frost sheet in a walk-in freezer. As expected, when the frost lacked an ap-
preciable temperature gradient, the jumping effect was suppressed even when holding water
over the frost. To apply our numerical model, we crudely approximate a three-dimensional
frost sheet as an ice slab of thickness h (Figure 6.1a). The negative surface charge density
on the vapor side of the frost sheet can now be estimated from the modified Latham and
Mason model [145]:

σs=
εrε0kB

2e

(
u+/u− − 1

u+/u− + 1

)(
φe

kBT
+ 1

)
∆T

h
C/m2, (5.2)

where εr=100 is the relative permittivity of ice, kB is the Boltzmann constant, φe=1.08 eV
is the activation energy to create H3O+ and OH− ions in ice [164], e is the elementary
charge, ∆T

h
≈ dT

dX
is the temperature gradient across frost of thickness h = 100µm, and u

represents the mobility of the ions within ice where the + and − subscripts denotes H3O+

and OH− ions, respectively. In general, the H3O+ ions are more mobile than the OH− ions
and the mobility ratio u+/u− is about 3.3 [164]. For the average dendrite temperature T , we
can use the average of the equilibrium ice-water interface temperature (Tm ≈ 0◦C) and the
substrate temperature (Tw=–10◦C) [165]. The total change in temperature across the frost is
approximated by ∆T ≈Tm−Tw≈ 10◦C. With the temperature gradient≈10/10–4=105 K m–1,
the negative surface charge density on the frost plate is found out to be σs = 9.86×10–8 ∼
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Figure 5.3: The origin of the attractive force on the frost dendrites. (a) Initial (nanoscale)
frost exhibits a roughly uniform temperature and distribution of ions (defects) within the
dendrites. (b) As the frost dendrites grow to a microscale, T∞ > Ts, such that ions are
more concentrated in the warmer upper dendrites. Positive ions then diffuse to the lower
concentration basal frost at a much higher mobility than the negative ions. (c) This charge
separation enables the fracture and jumping of frost in the presence of an opposing polarizable
liquid. (d) Numerical simulation showing that, when the frost and opposing water film are
both planar, the electric field is uniform. (e) This results in a straight trajectory and constant
terminal velocity for jumping frost particles, validated here by chronophotography where the
particle consistently travels ≈ 300µm every 2 ms at terminal velocity to cross the 2.5 mm gap.
(f) Numerical simulation showing that, when frost is now opposite a pendant droplet (i.e.
plate and sphere configuration), the electric field is non-uniform with curved field lines.
(g) Chronophotography (successive position of the dendrite temporally separated by 2 ms)
confirms a curved trajectory for a jumped dendrite opposite a water droplet, where the
sudden increase in acceleration near the droplet is confirmed by increased distance between
successive positions. Both scale bars represent 100µm.
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10–7 C m−2.

5.3.3 Origin of the Attractive Force on the Frost

These negative charges on the upper frost induce positive charges on the nearest polarizable
surface, i.e. the opposing water. Of course, there will be an equal amount of negative charges
within the water film which will be reoriented away from the frost plate. Thus an external
electric field is set up between the frosted surface and the opposing water surface (Fig-
ure 5.3c). A broken piece of frost carrying a negative surface charge [147] will move upward,
as this corresponds to the opposite direction of the electric field. As the relative dielectric
permittivity of water is much higher than the surrounding medium (εwater ≈ 80, εair ≈ 1),
the internal electric field can be neglected and we can treat the water film (droplet) as a
conducting plate (sphere) with positive surface charges [166] (see section C.1 and Figure C.4).

The case of a frosted surface and an opposing water film (Figure 5.3d) can be compared
with a parallel plate capacitor, as the plate areas (≈ 100mm2) are larger than the spacing
between them (H ∼ 1mm). A uniform field of strength E = σs/ε0 ≈ 104 Vm–1 was found
from subsequent analysis (Figure 5.3d). The charge qf on a frost dendrite broken off the
frost is found to be in the range of 10–14 − 10–13 C from the electrostatic force equation,
Fa = qfE where Fa = 10–10 − 10–9 N as found previously. We avoided any experimental
setup to directly measure this charge on frost dendrite, as the measurement process would
have likely induced error due to the temperature gradient and humidity in the vicinity of
our frosted surface [167]. But previous reports on fragmented frost dendrites have reported
similar amaount of charge from direct measurement, which gives us enough confidence in
our minimal model [148, 152]. The uniform electric field lines between the substrate and
the film explains the experimental observation of the straight path of the jumped dendrite
(Figure 5.3e). For the case of an opposing water droplet in place of a water film, we simulated
the electric field by solving Laplace’s equation in the space between the substrate and the
droplet (see section 2.2 in Supporting Information). The simulation results are shown in
Figure 5.3f, which shows that the electric field is non-uniform and increases as we go near
the droplet. Moreover, the field lines curve into the water droplet at a right angle following
the rule that flux is perpendicular to the surface. This matches with our experimental
observation of the curved droplet trajectory in Figure 5.3g and the increased acceleration of
the dendrite near the droplet (see Appendix 3.3c). The numerically simulated electric field
values also matches with the results achieved through simpler scaling analysis (see section 2.3
in Supporting Information).
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5.3.4 Charge Separation in Ice: Numerical Simulation

At this point, it is important to generalize this charge separation theory for the case of
an entire frost dendrite breaking off from the surface (Figure 5.1b). Generally, the three
dimensional frost dendrites do not grow directly on the surface but over an icy basal layer
which can be discontinuous or continuous, depending on the wettability of the substrate.
Since a temperature gradient is the primary driving force of the frost jumping, the ambipolar
transport of the ionic defects happens between the surfaces having the largest temperature
difference, i.e. between the icy layer contacting the surface and the frost-air interface. This
way even an entire dendrite can carry a negative charge while the positive charges stay in
the basal layer. The schematic of Figure 5.3a-c shows this progression of events from the
frost growth until the jumping.

To complete our understanding of charge separation in ice due to a temperature gradient, a
numerical simulation approach to Equation 5.2 is presented here , for a column of ice with
the same h=100µm thickness and temperature increasing linearly from the right side to the
left side (Figure 5.4a). Without any temperature gradient, there is a balance of H3O+-OH−

ions in the bulk ice, whose equilibrium is maintained by the mass action law:

ρmρq=ρ0(T )
2
, (5.3)

where ρm and ρq are the ion densities (or concentrations) of the OH− and H3O+ ions in the
bulk ice and ρ0(T )=ρ0m(T )=ρ0q(T )=Ne−φqm/(2kBT ) is the temperature-dependent equilibrium
density of the OH− and H3O+ ions. N= 3×1028 m−3 is the concentration of water molecules
in ice and φqm≈1.08 eV is the activation energy for the ions. Although the mass action law
is strictly valid only in thermal equilibrium, as a quasi-equilibrium is maintained in the ice
in the presence of the thermoelectric effect, the mass action law still holds locally across the
entire ice slab.

Once a small temperature gradient is induced in the slab (increasing from right to left side
of the slab), accompanying concentration gradients of H3O+ and OH− ions appear in the
slab. These gradients lead to the diffusive movement of H3O+ and OH− ions. Due to the
higher mobility of H3O+ ions, charge separation occurs within the ice slab with H3O+ (OH−)
ions enriched at ice slab’s colder (warmer) side. This in turn sets up an internal ambipolar
electric field which opposes the movement of the H3O+ ions. Eventually, the balance of
electric field-driven transport and diffusion transport leads to a steady-state potential with
no net current flow. The ambipolar electric field can be derived at the steady-state [168].
The governing equations for the spatio-temporal variation in the ion concentrations are:

∂ρm

∂t
=

∂

∂x

[
Dm

∂ρm

∂x
+ µmρmE

]
+

ρ0m(T )

τmq
− ρmρq

ρ0m(T )τmq
, (5.4)
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Figure 5.4: Numerical simulation for charge separation in an ice slab. (a) The one dimen-
sional ice slab model with the temperature increasing linearly from the left to the right end.
The positive x-axis is along the direction of increasing temperature. (b) Temporal variation
of charge density in the slab’s warmer left half, due to the mismatch in mobility of the OH−

and H3O+ ions. The negative sign of the charge density shows that the negative charges ac-
cumulate on the warmer end of the ice. The steady state value of the surface charge density
is very close to the value obtained from Latham and Mason’s original formula. (c) Spatial
distribution of the non-equilibrium density of OH− and H3O+ ions at representative times.
(d) Spatial distribution of space charge density of the ionic defects at representative times.

∂ρq

∂t
=

∂

∂x

[
Dq

∂ρq

∂x
− µqρqE

]
+

ρ0q(T )

τmq
− ρmρq

ρ0q(T )τmq
, (5.5)

∂E

∂x
=
e(ρq − ρm)

ε0εr
, (5.6)

where µm ≈ 3×10−8 m2V−1s−1 and µq ≈ 10−7 m2V−1s−1 are the mobility of the OH− and
H3O+ ions, respectively, E is the intensity of the electric field set up by the space charge,
e is the elementary charge, εr = 100 is the relative dielectric permitivitty of ice, and τmq =
2×10−5 s is the recombination time for the ions[164]. The first two terms on the right side
of Equations 5.4 and 5.5 are simply Fick’s law and Ohm’s law, respectively, describing the
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contribution of ion concentration and internal electric field on the transport of ions. As both
of these processes are related, the coefficients of the first two terms are also related by the
Einstein relation, Dm,q = µm,qkBT/e. Although these were present in the original Latham
and Mason model, a more general model of ion migration dynamics should also include a
net volumetric source term[169]. The last two terms in Equations 5.4 and 5.5 account for
the generation and annihilation (or recombination) of ions respectively, following the mass
action law. Together they constitute the volumetric source term or the net charge produced
within the ice.

These equations can now be solved simultaneously (details of simulation process and param-
eters are given in Appendix C.2), with the following boundary conditions defined at the left
and right side of the ice slab:

Jm(0)=Jm(L)=0, (5.7)
Jq(0)=Jq(L)=0, (5.8)
E(0)=E(L)=0, (5.9)

where the fluxes of the OH− and H3O+ ions are depicted by Jm(x) =−Dm
∂ρm
∂x

− µmρm · E
and Jq(x)=−Dq

∂ρq
∂x

+µqρqE. We have assumed two mathematical planes with no charge at
either ends of the slab at t=0. These are not physical planes, but as the charges accumulate
with time close to these planes, real planes are formed.

Figure 5.4b shows the evolution of the net charge of OH− and H3O+ ions in the left half of the
ice. We can see that the net charge density reaches a steady state, σs=9.6×10–8 C m−2, after
about 0.1 s. This is very close to the value σs=9.86×10–8 C m−2 we got in the main text using
the original Mason’s formula. The small difference is caused by the fact that unlike Mason’s
model, we have not considered the thermally driven transport of the OH− and H3O+ ions
in Equations 5.4 and 5.5. The negative sign on the accumulated charge on the warmer left
hand side of the ice slab confirms the temperature gradient-induced charge separation process
in ice where the warmer end accumulates a net negative charge. The spatial distribution
of the concentration of these ionic defects and net charge density is also shown at some
representative times (Figure 5.4c,d). In Figure 5.4c, the non-equilibrium density of the ionic
defects, ρi − ρ0i (T (x)), is non-dimensionalized by the equilibrium density of the ions at the
middle of the ice slab, ρ0i (T (x = L/2), which is same for i = m, q. The spatial distance
is non-dimensionalized by the Debye length of the ionic defects, λqm =

√
ε0εrkBT/2ρ0i e

2.
The charge separation only happens within few Debye length distance in each end while the
bulk region remains neutral. In Figure 5.4d, the spatial variation of the space charge density,
ρe=e(ρq−ρm), is plotted for different times which shows the concept of Debye length clearly.
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5.4 Fracture of a Frost Dendrite from the Frost Sheet

The last piece of the puzzle is the fracturing of the frost dendrites, from either the substrate
or “mother” frost, that is a prerequisite for the subsequent jumping. High-speed microscopy
indicates two distinct modes of fracture. In one mode, the area where fracture occurs is ap-
proaching a point contact (la.1µm length scale), such that breakage occurs instantaneously
with respect to the temporal resolution of the high-speed video (Figure 5.5a–c). In contrast,
when the length scale of attachment is more than la&10µm, the dendrite(s) twists and turns
before complete breakage (Figure 5.5d–f). We hypothesize that these two seemingly different
mechanisms of fracture are related by the rate of crack propagation in ice. Although finding
the exact crack propagation rate in ice under tensile stress requires the precise knowledge of
its grain structures, here we use scaling analysis to capture the physics.

From the Griffith condition for crack initiation, the nucleating crack length r0 can be found
by equating the attractive force with the crack initiation force [170, 171],

Fa=πr0
2

√
8Eiwad

(1− ν2)πr0
, (5.10)

where Ei =8.7 GPa is the modulus of elasticity of ice, wad ≈ 2γi,a =0.2 J m−2 is the work of
adhesion inherent to creating an ice-air double interface, and ν= 0.31 is Poisson’s ratio for
ice. Using our previously obtained scaling estimate of Fa =10–10 − 10–9 N in Equation 5.10,
the nucleating crack length can be solved as r0 ∼ 10–10 m. We can then express the overall
stress intensity factor, assuming the tensile loading of an edge crack of length r0, as KI ∼
σ∞

√
πr0, where σ∞ =Fa/πla

2 is the applied stress [172]. The maximum applied stress due
to the maximum force Fa =10–9 is σ∞∼ 104 Pa for a submicron contact point (la ∼100 nm)
and σ∞ ∼ 1 Pa for a micron-sized area of contact (la ∼ 10µm). This translates to stress
intensity factors of KI ∼ 1 Pa m1/2 and 10-4 Pa m1/2, respectively, far less than the fracture
toughness of ice, KIc = 105 Pa m1/2. We will therefore assume a subcritical crack growth
velocity, which for brittle materials tends to scale as vc ∼ 1 mm s−1 [173]. For such a crack
to propagate and completely detach the dendrite from the substrate or the “mother” frost,
it would take about la/vc∼10−7 /10−3∼100µs for a 100 nm attachment (Figure 5.5a,c) and
about la/vc∼10−5/10−3∼10ms for a 10µm contact length (Figure 5.5d,f). The experimental
videos were recorded at ∼10 kHz (100µs per frame), such that the temporal resolution was
approximately equal to the crack propagation time for the case of a 100 nm attachment.
This explains why complete detachment appears to be instantaneous in the case of sub-
micron attachments. In contrast, crack propagation along a 10µm contact length would
require ∼ 100 frames to complete, which is what enabled the visualization of the twisting
and turning motions prior to detachment. This scaling estimate for the crack propagation
time matches with our experimental observations, where 440 frames (averaged across three
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Figure 5.5: Mechanisms of frost break-off. (a) For a sub-micron point of attachment with
the substrate, frost break-off occurs seemingly instantaneously. (b) Schematic showing how
the point-break fracture of a dendrite can either occur from the substrate or from “mother”
frost. (c) Point-break frost detachment from mother frost. (d) Area fracture (i.e. micro-
scale attachment length scale) of a dendrite from the substrate. The twisting motion of
the dendrite is evident from the change in positions of the three branches (yellow, red and
blue colored) in the first two frames. The axis and direction of rotation is shown to help
in the visualization. It takes about 7 ms from the beginning of the twisting motions to
the completion of crack propagation and break-off. (e) Schematic showing the twisting
and/or turning motion before the complete fracture of a dendrite from either the substrate
or mother frost. (f) Area fracture from mother frost. t=0 denotes the start of movement
for the dendrite. At t=2ms, the yellow and blue dotted branches can be seen at a different
location while the branch with the red dot has moved into the page and is obscured from
the viewer. All zoomed-in photographs in (a), (c), (d), and (f) show the full shape of the
detached frost mid-flight, with a digital outline for visual clarity. The snapshots are from
Movie 5.
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trials) were required from the initiation of twisting and turning to the complete detachment
of la∼ 10µm attachments prior to jumping.

5.5 Conclusion

While the spontaneous charging of growing ice particles has been studied by atmospheric
physicists to understand cloud electrification during thunderstorm [147, 159, 174], the anal-
ogous charge separation of frost growing on substrates has been largely ignored by surface
scientists. Here, we reported that micrometric frost growing on a chilled surface can dramat-
ically fracture and jump into the air in the presence of polarizable liquids. Our experiments
and analysis, correlated with Latham and Mason’s classic model, revealed that such motion
results from the temperature gradient-induced charge separation within a growing layer of
frost and consequent electrical attraction by the opposing liquid. Our simple approach of
correlating the high-speed imaging of jumping ice particles with a dynamical model allows
for the controlled laboratory study of charge separation in ice, which may help atmospheric
physicists to better understand thunderstorm electrification. Conversely, the findings de-
scribed here could be stepping stones for the development of an electrostatic de-icing tech-
nique, where we envisage that high voltage electrodes could replace the water film to propel
larger masses of ice from their substrate.
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Chapter 6

Oil-Impregnated Hydrocarbon-based

Polymer Films

“I keep coming back here where everything slipped. But I won’t spill my guts out”

−Slipped, The National

This chapter was published (and can be reproduced) as an article [175] (Mukherjee, R.,
Habibi, M., Rashed, Z.T. et al. Oil-Impregnated Hydrocarbon-Based Polymer Films. Sci Rep
8, 11698 (2018), DOI: 10.1038/s41598-018-29823-7) under the terms of Creative Commons
Attribution 4.0 license. This is reproduced here with minor modifications. This chapter
experimentally demonstrates a procedure to design an omni-repellent liquid-infused surface
from hydrocarbon-based polymer films.
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6.1 Introduction

Slippery liquid-infused porous surfaces (SLIPS) exhibit remarkable properties such as ultra-
low contact angle hysteresis (CAH) for a wide variety of liquids[35, 37], excellent self-healing
capability[37, 176], and stability under high pressures or temperatures[37, 177, 178]. In
addition to repelling liquids, SLIPS have been shown to promote anti-fouling[179, 180, 181,
182, 183, 184, 185, 186], self-cleaning[35, 37, 187], anti-icing[45, 188, 189, 190, 191, 192],
reduced drag[193, 194, 195, 196] and enhanced phase-change heat transfer[197, 198, 199,
200, 201, 202, 203].

Two primary criteria must be met to ensure stable SLIPS: 1) The surface must have nano/micro-
roughness which can hold the lubricant in place by capillary action, and 2) The substrate
must have a greater chemical affinity for the lubricant than the working fluid it is re-
pelling[35, 37]. The substrate can either be an impermeable material that is roughened
and/or porous[75, 180, 204, 205, 206, 207, 208, 209, 210, 211, 212] or an absorbent polymer
where the “nano-roughness” is the molecular matrix itself[176, 182, 187, 213, 214, 215, 216,
217, 218, 219].

Absorbent polymer coatings are an increasingly popular choice for SLIPS because of their
compatibility with a wide variety of industrial metals and practical materials[187]. However,
so far the polymer choices have been limited to expensive silicone or fluorine-based poly-
mers[176, 182, 210, 213, 214] and/or involve the complex assembly of multi-layer polymer
coatings on functionalized surfaces[217, 218, 219]. There is also a class of cross-linked elas-
tomers called organogels or fluorogels which can be swollen with oil[187, 215, 220, 221], which
are practically limited by similar issues of cost and complexity. Organogels have also been
cured with oil inside, but this approach requires a change in environment (heat or pressure)
to release the oil toward the surface [222].

Hydrocarbon-based polymers such as polyethylene (PE) and polypropylene (PP) are the
most common plastics in the world in terms of production volume and are widely used for
packaging applications due to their cost effectiveness and chemical resistance[223]. Despite
the obvious attraction of converting extruded film packaging directly into SLIPS to max-
imize product drainage, to date this has not been considered because hydrocarbon-based
films like PE are generally considered resistant to impregnation by wicking oils. Indeed,
PE has even been used as a backing material for SLIPS specifically because of its superb
chemical and moisture resistance [224]. While oil has been impregnated within microporous
PP membranes, the oil was impregnating the micropores not the PP itself[210].

Long before the invention of SLIPS, there has been a technique of mixing a molten solution
of ultra-high molecular weight (UHMW) polyethylene with an oil, typically for use as roller
bearings [225, 226]. However, this is fundamentally different from SLIPS in two important
ways. First, this approach requires the oil to be mixed with the molten polymer prior
to curing, whereas for SLIPS the lubricant is simply wicked into an already-made solid
substrate. Second, the oil cured within the polymer using the molten method cannot freely
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migrate to the outer surface unless subjected to a strong force, such as the centrifugal force
experienced by bearings. This is in sharp contrast to the impregnated liquid of SLIPS, which
can passively wick to the outer surface to replenish any lubricant that has been depleted over
time. Similarly, Golovin et al. has reported plasticizing hydrocarbon-based polymers with
oils, in order to tune the mechanical properties of the polymer to minimize ice adhesion
[41, 227]. In short, to date there has not been any demonstration of using hydrocarbon-
based polymers as SLIPS.

Here, we present the surprising finding that several extruded hydrocarbon-based polymer
films such as polyethylene can be directly and stably impregnated with lubricating oil to
convert them into SLIPS. Impregnation was enabled by utilizing low density polymers, such
as ultra-low density polyethylene (ULDPE), in conjunction with vegetable oils that exhibit
excellent chemical compatibility with the polymer film. While the wicking rate of the oil
into hydrocarbon-based polymers was indeed extremely slow, we demonstrate that this is
not problematic in the context of impregnating micrometric film layers. Finally, we show
that our hydrocarbon-based SLIPS can durably repel both Newtonian fluids (water) and
non-Newtonian fluids (ketchup and yogurt), making them ideal for a variety of packaging
applications.

6.2 Materials and Methods

Infusion Method

Multilayer extruded commercial-grade polymer films (thickness ≈ 0.1 mm) obtained from Be-
mis Company, Inc. (Neenah, WI) were used as substrates for infusion. Most commonly, the
top and bottom layers of the films were comprised of ULDPE (thickness ≈ 10µm), while the
intermediate layers were a proprietary combination of highly impermeable polymers. For oil
impregnation within the ULDPE polymer matrix, cottonseed oil (Sigma Aldrich) was used.
Impregnation with oil was achieved using a motorized drawdown coater (ChemInstruments,
EC-100) with the smallest size coating rod (size 0). First, 100–200µL of cottonseed oil
(ρ= 925 kg/m3) was pipetted on the leading edge of the polymer film. Second, the motor-
ized rod spread the oil uniformly across the top face of the film. After waiting for a few
seconds to allow for the oil to impregnate the ULDPE, any excess oil atop the film was
firmly wiped away with absorbent wipes (Kim wipes). For the control case where the oil
did not impregnate the ULDPE, the same process was repeated but with 10 cSt silicone oil
(Sigma Aldirch) instead of cottonseed oil. Other polymer films that were also used included
medium density polyethylene (MDPE), cyclic olefin copolymer (COC), polypropylene (PP),
or polyethylene terapthalate (PET) as the top layer.
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Details of Polymer Samples

The polymer samples used in this study were all manufactured from commercially available
resins. The name, molecular weight, density, molecular weight, and degree of crystallinity of
each polymer sample is shown in Table 6.1. The molecular weight of the ULDPE resin was
not available, but its Melt Flow Index (MFI) is less than 0.5 g/10min which is indicative
of a very high molecular weight. Direct measurement of molecular weight distributions by
gel permeation chromatography (GPC) or dilute solution viscometry is more involved and
often does not correctly predict the molecular weight distribution especially for long chain
branched polymers like our ULDPE sample which is an ethylene-butene copolymer. The
Cyclic olefin copolymer (COC) used in this study is a cycloolefin copolymer of ethylene and
norbornene (about 36 mol%). The degree of crystallinity for COC is an estimation based
on the fact that this specific grade of resin is made of fully amorphous ethylene-norbornene
backbone with a few percent LLDPE fraction which introduces the 2% crystallinity.

Table 6.1: Details of all the polymer samples used in the study. Product name, density,
molecular weight, and approximate degree of crystallinity for different polymer samples.
The blank values correspond to unknown information that is proprietary.

Polymer name Resin name Density (g/cc) Mw(g/mol) Degree of crystallinity
ULDPE Engage®HM 7387 0.87 Very High 16%

PP SA861 0.90 280,000 46%
COC Topas®8007F 1.01 104,000 ∼ 2%

MDPE NA272130X02 0.93 90,000 47%
PET S2008 1.27 80000 -

Surface Characterization

The surface roughness for the dry ULDPE films was characterized by atomic force microscopy
(AFM) (Multimode) analysis using a contact mode with a silicone nitride cantilever (Bruker).
The scanning area was 20µm X 20µm. The roughness values did not change appreciably
when the scan range was reduced to 5µm and 10µm. Two different methods were used to
characterize the contact angle hysteresis of liquid droplets on dry or infused polymer samples.
For water droplets, the shrink/swell method was employed using a contact angle goniometer
(ramé-hart Model 590). A small (5µL) droplet was deposited on the test surface and its
volume was increased/decreased in 0.2µL increments until the advancing/receding contact
angle was obtained and measured by interfacing the camera with an automated software
(DROPimage Advanced, ramé-hart). For highly viscous fluids like ketchup and yogurt, a 1.3
or 1.5 g dollop of the product was placed on the desired film, and the tilt angle was increased
in 1◦ increments until finding the critical sliding angle where the dollop of ketchup/yogurt
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could slide down the surface. The sliding angle relates the gravitational and hysteresis forces,
and is therefore correlated with contact angle hysteresis.

Laser Scanning Confocal Microscopy

The oil impregnation and oil layer thickness was tested with the help of a laser scanning
confocal microscope (Zeiss LSM 880). For better visualization, the cottonseed oil was dyed
with a lipid soluble fluorescent dye (Bodipy FL C5, Thermo Fisher Scientific) at a concen-
tration of 0.1 mg/mL. The oily side of the infused ULDPE film was fixed to a glass cover
slip of 150µm thickness. A 40× objective was used which corresponds to a 1µm vertical
resolution. The green noise around the bright green fluorescent oil layer is probably due to
improper dye concentration within the oil. But even without the dye, the oil layer thickness
found by the reflection mode came out to be similar in thickness which confirms that the
dye concentration did not affect the oil thickness measurement.

Wicking Test

To visualize oil wicking inside of ULDPE, 100µL volume of oil (cottonseed oil or silicone
oil) was mixed with 1.0% (w/v) petroleum fluorescent dye (Risk Reactor, DFSB-K175 UV
Orange) using a vortex mixer. The fluorescent oil was placed in a (50 mm)3 open-top borosil-
icate cell (Spectrocell Inc.) to avoid optical distortion and illuminated with a UV light source
(Risk Reactor, 52021(SLR-004-OL)). A vertically-oriented film of ULDPE was clamped over
the fluorescent oil bath and the bath was raised on a z-stage until the bottom of the film
was submerged. Images of the wicking front were taken in 5 min intervals for 9 hr by a Nikon
D5300 camera. The displacement of the wicking front over time was measured using the
Tracker software program. For both cottonseed oil and silicone oil, three wicking trials were
performed.

Pouch Fabrication

Two different types of pouch geometries were used in this study: three-walled pouches (two
18 cm × 12 cm side walls and a 6 cm × 12 cm base) and five-walled pouches (four 18 cm ×
12 cm side walls and a 6 cm × 12 cm base). The pouches were constructed by bonding dry or
infused multilayer ULDPE films together using a tabletop plastic film impulse sealer. The
three-walled pouches were used for the long-term durability study (see Section 4.5) while the
five-walled pouches were used to study the three regimes of pouch drainage (Section 2.4).
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The drainage performance of the three-walled and five-walled pouches were qualitatively
similar; the five-walled pouches were made in an attempt to minimize confining edge effects
while studying the dynamics of drainage.

Durability Tests

The durability of oil-impregnated ULDPE films was assessed using two different types of
tests.

Pressing test: Four multilayer films, all 6 cm × 6 cm in area, were stacked on top of each
other. The top side of each film was comprised of an oil-impregnated ULDPE film layer,
while the bottom side was a dry ULDPE layer. A 5 kg weight was placed on top of the
stack for at least 24 hr, such that the impregnated ULDPE layers were in intimate contact
with the opposing dry ULDPE layers. After removing the films from the stack, the contact
angle hysteresis of water droplets on the impregnated ULDPE layers was measured using
the shrink/swell method.

Submersion test: Three-walled pouches comprised of oil-impregnated ULDPE multilayer
films were filled with ketchup and stored at room temperature for nearly two months (53 days).
The drainage rate was then measured and compared to that of impregnated pouches that
were drained immediately upon being filled with ketchup. There was no appreciable differ-
ence between the two, indicating the excellent stability of the cottonseed oil impregnated
within the ULDPE layer even under prolonged submersion in the ketchup (See Figure D.1
in Appendix D)

6.3 Results

6.3.1 Oil-Impregnation of ULDPE Films

To demonstrate how practical extruded films can be easily converted into SLIPS, we used
a drawdown coater to impregnate oil into the top layer of a multilayer commercial-grade
polymer film (Fig. 6.1). As shown in Figure 6.1, the rod in the drawdown coater moved over
a dry film at a constant velocity with a trace amount of oil and ensured that a smooth oil
layer is formed over the film. For this initial proof-of-concept, the top layer of the film was
approximately 10µm thick and comprised of ultra low-density polyethylene (ULDPE), while
the tie layers were highly impermeable to the oil in order to isolate the SLIPS to within
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Figure 6.1: Schematic of how carbon-based polymer films such as ULDPE can be easily
modified to become slippery oil-impregnated surfaces. I) A multilayer extruded polymer
film is used as substrate, with ULDPE as the top layer. II) A small, controlled volume of
oil is spread across the face of the ULDPE layer using a drawdown coater. III) Chemically
compatible oils easily impregnate within the thin ULDPE layer to create a durable, slippery
surface.

the top layer (see Experimental Section for more information). After rod-coating the top
ULDPE layer of the film with a small amount of cottonseed oil, it was observed that the
surface became extra slippery to deposited water droplets (i.e. low CAH) as quantified in
the proceeding section.

Of course, it is possible that the slippery properties of the film were merely due to a bulk layer
of oil resting atop the surface, as opposed to the oil actually impregnating within the ULDPE.
This distinction is not trivial: oil in the former case is easily sheared off due to gravity or other
forces, while oil for the latter case is locked within the interstitial spaces between the polymer
molecules for excellent stability[38, 193, 228]. Using gravimetric measurements[206, 207], the
total oil amount spread across the sample after rod-coating was found to be about 1.9 g/m2.
Absorbent wipes were then used to firmly remove the excess oil resting atop the film. The
1.2 g/m2 of oil removed by the wipes corresponded to an initial excess oil layer atop the
film whose thickness was approximately 1µm. Even after removing the excess, 0.7 g/m2 of
oil remained impregnated somewhere in the ULDPE layer. The rod-coated films remained
equivalently slippery even after the excess oil was removed, which further indicates that
the oil is indeed impregnating the ULDPE. The similar contact angle hysteresis of droplets
on impregnated films with/without an excess layer agrees with a recent study by Muschi
et al., who showed that the excess layer does not tend to affect the slippery properties of
SLIPS[229].

After removing the excess oil, where is the remaining oil residing? One possibility is that
the exterior of the ULDPE layer exhibits a surface roughness, capable of impregnating the
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oil. Atomic force microscopy (AFM) revealed a root mean square roughness of only 21.4 nm
(Fig. 6.2a). In contrast, laser scanning confocal microscopy revealed that the oil was able
to impregnate to a depth of 1.3µm within the ULDPE layer (Fig. 6.2b). These findings
therefore confirm that the oil is impregnated within the bulk of the ULDPE layer, as opposed
to merely residing within the exterior surface roughness.

To be absolutely certain that oil impregnation is occurring, the rate of oil wicking across
the ULDPE was characterized. The film was oriented vertically and its bottom end was
submerged into an oil reservoir (Fig. 6.2c). This setup ensures that the propagation of oil up
the film is solely due to impregnation (i.e. wicking) and cannot be caused by gravitational
spreading[230, 231, 232]. A small amount of fluorescent dye was added to the oil reservoir
to assist the imaging of the advancing oil front up the ULDPE film.

Figure 6.2d graphs the displacement of the oil front over time. When using cottonseed oil
as the working fluid, the oil displacement followed the well-known Washburn equation that
balances capillary action against viscous dissipation[233]:

l(t) =

√
γort

2µo

, (6.1)

where γo =0.03 N/m and µo =0.07 kg/m-s are the surface tension and viscosity of the cot-
tonseed oil, respectively, and r is the effective “pore” radius of the interstitial gaps between
ULDPE molecules. The excellent fit of the data to the l ∼ t1/2 power-law slope of Equa-
tion (6.1) confirms that the oil is able to impregnate inside of the molecular spaces of ULDPE.
This finding is notable given that polyolefins like PE are well-known for their chemical/mois-
ture resistance and never before used for SLIPS. Furthermore, the effective pore radius that
obtains a best fit of Equation (6.1) to the data, r ≈ 0.175 nm, is a good match to reports
measuring the interstitial spacing between PE molecules to be about 0.2 nm[234, 235]. This
extremely small value of r results in extremely slow wicking rates, for example it takes
roughly 10 hr for the cottonseed oil to impregnate a mere 1 mm into the ULDPE! However,
we emphasize that this does not matter in the context of infusing ultra-thin extruded films.
For example, if the oil is spread uniformly across the top face of the film, it will only take
about t ≈ 0.05 s to completely impregnate the 1.3µm thickness within the ULDPE layer.
While there has been some debate on the applicability of the Washburn equation at the
nanoscale [236, 237], recently it has been shown that the Washburn equation holds even
when the pore radius is only 10 times the size of a liquid molecule [238]. This previous
finding, along with the excellent fit of our wicking dynamics to the 1/2 power law, validate
our use of the classical Washburn equation.

The wicking of cottonseed oil within the ULDPE film confirms that the nanometric inter-
molecular spaces can hold the oil layer by capillary action, which satisfies the first criteria re-
quired for stable SLIPS. This first criteria is further validated by side-view imaging of a 10µL
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Figure 6.2: Surface characterization. a) Topographical map of the surface roughness of a dry
ULDPE film. Atomic force microscopy was used over a scan area of 20µm X 20µm. b) Image
stack of an oil-impregnated ULDPE film, as obtained by laser scanning confocal microscopy.
The bright green band represents fluorescently dyed cottonseed oil, which impregnated the
ULDPE film to a depth of about 1.3µm. Excess oil atop the film was removed prior to
imaging. c) Photograph of the wicking setup, where a vertical ULDPE film is partially
submerged in a fluorescent-dyed bath of cottonseed oil. For oil choices where wicking is
possible, an advancing front progresses up the film by capillary action (black arrows). d)
Plot of the vertical displacement of the oil over a time span of 9 hr. The advancing front of
the cottonseed oil followed Washburn’s law (red triangles), while no wicking was observed
when using silicone oil (blue diamonds). For this graph and all future graphs, each data
point represents an average from three trials, while the error bars correspond to plus or
minus a standard deviation.

cottonseed oil droplet on ULDPE, which revealed a static contact angle of θo ≈ 43◦ < 90◦.
Recall that the second criteria dictates the impregnated oil layer should not be displaced by
a deposited test liquid. As shown by Lafuma and Quéré, the oil should not get displaced
from a thermodynamic standpoint when the following inequality is satisfied [35]:

γocosθo − γwcosθw − γo/w > 0, (6.2)
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where subscripts ‘o’ and ‘w’ denote the oil and water phases, respectively. Using the pendant
droplet method on a goniometer, the value of the oil-water surface tension was measured to be
γo/w= 0.021 N/m. After measuring θw≈ 97◦ on ULDPE, the left-hand side of Equation (6.2)
becomes approximately 10 mN/m which satisfies the stability criteria.

As both capillary wicking and swelling in polymers are diffusion-controlled processes which
follows the familiar 1/2 power law, it is possible that the oil imbibition in the ULDPE film
is actually a swelling mechanism which will eventually degrade the polymer. The Plastics
Design Library (PDL) is a resource that exhaustively details the interactions of different
polymer grades with a variety of mediums [239]. The ULDPE films used in this study are
essentially linear low density polyethylenes (LLDPE). The PDL assigns a rating of 9 for the
specific combination of LLDPE in a cottonseed oil medium which corresponds to a weight
change of less than 0.5% for the LLDPE. So we can safely assume negligible swelling in the
ULDPE films used here, as the mass of cottonseed oil used to infuse the ULDPE was typically
only about 2 g/m2. In general, such limited swelling in polymers follows first-order diffusion
kinetics (i.e. ∼ t1 dependence) in contrast to the second-order diffusion kinetics (∼ t1/2)
during severe swelling[240]. But our wicking test revealed that the oil front and consequently
the mass uptake amount is following second-order kinetics without any appreciable swelling
of the ULDPE film. Thus, the primary mechanism of the oil impregnation within the polymer
is the capillary imbibition of the oil inside the amorphous regions of the polymer, rather than
swelling of the polymer.

In addition to cottonseed oil, we also found that canola oil and soybean oil successfully
impregnated the ULDPE films as evidenced by the reduced CAH of deposited water droplets
(Figure D.2). This suggests that vegetable oils in general are chemically compatible with
the ULDPE films. To illustrate the importance of chemical compatibility, we repeated the
wicking test with silicone oil which is a synthetic oil. Even after 9 hr of the ULDPE film being
in contact with the oil reservoir, there was absolutely no wicking front observed (Fig. 6.2d).
This chemical compatibility between different oils and ULDPE can be explained by means
of their molecular structures. Permeation of liquids in polymers can be affected by the
permeant’s molecular weight and polarity, as well as the polymer’s free volume. From the
chemical composition of cottonseed oil[241] we found out the average molecular weight of
cottonseed oil is about 870 g/mol which is similar to the molecular weight of 10 cSt silicone
oil[242]. Thus, the primary factor that affects permeation into ULDPE is most likely their
polarity. A polar permeant will in general have a higher affinity for permeating in a polar
polymer than in a non-polar polymer and vice versa[243]. Natural oils and fats are composed
of complex mixtures of non-polar triglycerides, whereas silicone oil (polydimethylsiloxane)
has a polar characteristic due to the presence of polar Si − O bonds[244] (Figure D.3). This
explains why non-polar vegetable oils wick inside non-polar ULDPE while polar silicone oils
do not.

In general, we note that existing reports of SLIPS utilize polymers that are already well-
known to be absorbent, while avoiding materials like ULDPE that are assumed to be im-
permeable. As revealed by our surprising test results with ULDPE, we suggest that wicking
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tests should be conducted with a wide variety of material and oil combinations. This could
not only reveal an expanding palette of material choices that are suitable for SLIPS, but
even reveal which oils are able to impregnate a given material.

6.3.2 Wetting Properties of Oil-Impregnated Films

What is the minimum amount of impregnated oil required to preserve the maximal slipperi-
ness of the ULDPE? To find the lower limit, a set of experiments was performed with various
mixtures of oil and isopropyl alcohol. The isopropyl alcohol rapidly evaporated after coating
the ULDPE film, resulting in oil uptake amounts of any desired value based on the mix-
ture ratio. We used ketchup “droplets” instead of water droplets to test the slipperiness of
surfaces, as ketchup exhibits larger values of hysteresis making it easier to detect variations
in surface friction with changing oil amounts. Ketchup is too viscous for the shrink-swell
method of CAH measurement; instead, a motorized tilt base was used to find a critical
sliding angle (SA) for a fixed mass of ketchup (1.3 g). Figure 6.3 shows the results, where
now the SA (and by extension the hysteresis) can clearly be seen to significantly decrease
with increasing oil uptake until reaching a minimal value at a critical concentration of about
0.5 g/m2. Any further increase in oil uptake amount does not significantly affect the SA. This
critical uptake amount is in good agreement with the aforementioned gravimetric measure-
ments, which revealed that about 0.7 g/m2 of oil is able to actually impregnate the ULDPE.
These results clearly demonstrate that only an extremely small amount of oil is required to
maximize the slipperiness of the impregnated ULDPE films. For the rest of the paper, an
oil uptake amount of about 2.3 g/m2 was used, as this is above the lower limit while also
removing the need to add any isopropyl alcohol for our particular drawdown coater.
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Figure 6.3: Optimum oil amount. The sliding angle for a dollop of ketchup (1.3 g) as a
function of the oil amount applied to a ULDPE film. The dashed red line indicates that the
tilt angle becomes constant at about 4◦ beyond an oil uptake of 0.5 g/m2. For comparison,
the sliding angle on a dry ULDPE film is indicated by the blue triangle.

Another germane question: besides ULDPE, can any other hydrocarbon-based polymer
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films be impregnated with oil? To answer this question, the slipperiness of various types of
commercial-grade extruded films were characterized, comparing dry films to equivalent films
impregnated with cottonseed oil. For dry polymer films, the hysteresis of water droplets
is always above CAH> 10◦ (Fig. 6.4a). Upon oil impregnation, four of the five films:
ULDPE, polypropylene (PP), cyclic olefin copolymer (COC), and medium-density polyethy-
lene (MDPE) exhibited a significant decrease in hysteresis to CAH< 5◦. This reveals that
beyond just ULDPE, many types of hydrocarbon-based polymer films are suitable for cre-
ating SLIPS. Similar results were obtained with 1.5 g dollops of ketchup, where the sliding
angle was dramatically reduced for the same four polymer films (Figure 6.4b). However,
only the oil-impregnated ULDPE, COC, and MDPE were able to produce sliding angles of
SA< 10◦. The sliding angle of the infused PP was closer to SA≈ 18◦, although this was
still only half the value of the equivalently dry PP (SA≈ 30◦). We will now return to using
ULDPE films for the remainder of this report, but clearly MDPE and COC (and to a lesser
extent, PP) are also suitable candidates for SLIPS.

Why do polymers like ULDPE and COC facilitate oil impregnation while PET does not? We
suggest this is a result of differing free volumes in the polymers. Free volume corresponds to
the amount of amorphous phase or degree of crystallinity in a polymer. Permeation of liquids
or gases takes place only in the amorphous phase within the polymer[245] and in general
increases with increasing free volume, as shown by Lee[246]. The degree of crystallinity is
only 16% for ULDPE and 2% for COC, indicating these films are predominantly amorphous.
Apart from the degree of crystallinity, the polarity of the polymer and permeant molecules
also affects the penetration of a liquid into a polymer. Due to the presence of oxygen
containing functional group, PET has a high level of polarity. Thus, it is much harder for non-
polar vegetable oils to permeate into PET than in non-polar ULDPE or COC polymer[243,
247]. It is also possible that PET has a higher degree of crystallinity, but this information
was proprietary for this particular resin product.

Using the tilt method, snapshots of sliding water droplets were taken to visually capture
the difference in CAH of dry versus oil-impregnated ULDPE (Fig. 6.5a). On dry ULDPE,
droplets exhibit CAH∼ 10◦, such that the droplet shape is obviously tilted toward its ad-
vancing contact line. In contrast, the oil-impregnated ULDPE exhibits CAH∼ 1◦, such that
sliding droplets do not have any appreciable shape change. Figure 6.5b illustrates the dra-
matic reduction in sliding angle for ketchup on the oil-impregnated ULDPE, where a small
dollop of ketchup can easily slide at low angles (SA≈ 5◦) without having to dramatically
change its shape. Finally, by holding vertically oriented films against the light, it can be
seen that ketchup sliding down an oil-impregnated ULDPE film leaves much less residue on
the film compared to dry ULDPE (Fig. 6.5c).
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Figure 6.4: Contact angle hysteresis tests. a) The contact angle hysteresis of water droplets
on five different polymer films: ultra-low density polyethylene (ULDPE), polypropylene
(PP), cyclic olefin copolymer (COC), medium-density polyethylene (MDPE), and polyethy-
lene terephthalate (PET). b) The sliding angle of a 1.5 g dollop of ketchup on the same films.
In both charts, blue bars represent the CAH when the polymers were dry and untreated,
while the orange bars represent the same polymers but impregnated with cottonseed oil using
a drawdown coater.
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Figure 6.5: Slippery ULDPE film. a) Water droplets sliding down dry ULDPE films have a
noticeable asymmetry in shape due to CAH (top), while there is no appreciable difference
between the advancing and receding angles of droplets on oil-impregnated ULDPE (bottom).
b) The sliding angle of a 1.3 g dollop of ketchup is 23◦ on dry ULDPE (top images), but
only 4◦ on oil-impregnated ULDPE (bottom). c) On dry films (top images), sliding ketchup
leaves behind considerably more residue than on infused films (bottom).

Durability tests

When long sheets of extruded polymer films are manufactured, they are commonly rolled
up for storage prior to distribution. In this rolled-up configuration, the top layer of the
multi-layer film is firmly pressed against the bottom layer. In packaging applications, only
the top (i.e. inside) layer should be oil-impregnated, so it is important to know whether
there will be an undesirable transfer of oil from the top layer to the bottom layer during
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storage. This was tested by stacking four multi-layer extruded films on top of each other,
where both the top layer and bottom layer of each film were ULDPE but only the top layers
were oil-impregnated. A weight of 5 kg was placed on top of the stack, such that the three
bottom films all had an oil-infused ULDPE layer that was firmly pressed against the dry
ULDPE of the next layer.
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Figure 6.6: Stability of oil impregnation process. The physical stability of the oil-
impregnated ULDPE was demonstrated by pressing 3 layers of oil-infused ULDPE against
dry layers of ULDPE with a 5 kg weight. Even after 24 hr of pressing, the CAH of the
oil-impregnated ULDPE layers remained extremely low (< 5◦), indicative of stable SLIPS.

After 24 hr of pressing the films together, the weight was removed and the CAH of water
droplets was measured on the top face of each of the three films. Figure D.1 shows that
after 24 hr of pressing, the hysteresis of the water increased only by 1–2◦, remaining under
CAH< 5◦ as desired for SLIPS. Most notably, this is still an order of magnitude reduction
in CAH compared to the dye ULDPE films. This indicates that only a very small amount
of oil drained from the top layer during pressing against the bottom layer, with the large
majority of the oil remained stably locked within the top layer.

6.3.3 Drainage from Oil-Impregnated Pouches

To test the effects of oil-impregnation on product drainage, we created three-dimensional
open pouches (dimension: 18 cm× 12 cm× 6 cm ) by bonding together five films with an
impulse sealer (see Experimental Section 4.4). Equivalent pouches were made from dry or
oil-impregnated ULDPE films, filled with 170 g of ketchup, and then poured at a 45◦ angle
using the goniometer’s motorized tilt base. For the first 10 s of pouring, the drainage rates
of the ketchup were similar for both the dry and oil-impregnated ULDPE. Beyond 10 s,
however, the oil-impregnated pouch drained ketchup at a significantly faster rate than the
dry pouch and also minimized how much residue was stuck to the films at the end of pouring
(Fig. 6.7a). Similar results were obtained with yogurt (Fig. 6.7b).
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The enhanced drainage of ketchup from oil-impregnated pouches was preserved even when
the ketchup-filled pouch was stored for over 50 days prior to drainage. This long-term dura-
bility of our infused pouches indicates that there is negligible chemical interaction between
the lubricating oil layer and ketchup over time. Moreover, it has been found that for a
constant average flow velocity, the depletion of the lubricating layer is delayed if the the
viscosity of the external fluid is much greater than the viscosity of the lubricating oil due
to reduced interfacial velocity[248]. Given µketchup � µoil and the short drainage time, we
can safely attest that the shear force exerted by the bulk ketchup or any other viscous food
product will have negligible effects on the durability of the infusion.

To quantify the drainage rates, the ketchup was poured into a container placed on a digital
mass balance to measure how much ketchup was still in the pouch at any given time. The oil-
impregnated surface was able to drain almost 90% of the ketchup in about 50 s, which is only
1/6 of the time required for the dry pouch to drain the same amount. By plotting the drainage
over time in a logarithmic plot (Fig. 6.7c), we identified three distinct power-law regimes of
drainage as illustrated in Figure 8. These power laws can be independently rationalized using
scaling analysis, provided that the following assumptions are made: i) Pouch deformation is
neglected, such that the ketchup flows out of a rigid rectangular opening of constant width
w. The mass remaining in the pouch is then given by m(t) = ρLwh, where ρ is the density
of the liquid, h = h(x, t) is the free surface height of the flow where the x-axis runs along the
tilted floor, and L is the length of the floor and by extension the flow[249], ii) the primary
flow runs across only one wall of the tilted pouch (i.e. the floor). While the flow does
partially interact with the side walls of the pouch, this can be neglected without significant
error in our discussion.

The initial drainage rate is the same for the dry and oil-impregnated pouches at early time
scales (0 s<t<7 s). This is in agreement with previous works that observed that initial
drainage was unaffected by the container shape or fluid properties[250, 251, 252]. This
shows gravity is dominant over any surface effects in this brief period . By approximating
the non-Newtonian ketchup as a Carreau fluid, its viscosity as a function of shear stress is
given by[253, 254]:

µ = µ∞ + (µ0 − µ∞)
[
1 +

(
λ
du

dy

)2] (n−1)
2

(6.3)

Where, µ0 is the zero-shear viscosity, µ∞ is infinite-shear viscosity, λ is the relaxation time,
du/dy is the shear rate, and n is the power index whose value is n< 1 for shear-thinning fluids
like ketchup. From Eq. 6.3, a shear-thinning non-Newtonian fluid behaves as a Newtonian
fluid for small or large shear rates, while behaving as a shear-thinning fluid for intermediate
shear rates. The high flow rate, and consequently high shear rate, of the initial regime of
pouring therefore causes the ketchup to behave as a Newtonian fluid of constant viscosity
µ→µ∞. The volumetric flow rate in this regime can be modeled as a simple gravity-driven
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Figure 6.7: Dry vs. oil-impregnated ULDPE film. a) Time-lapse of ketchup draining from
dry (top) and oil-impregnated (bottom) ULDPE pouches using a tilt angle of α= 45◦ (camera
is also tilted). After 30 s of drainage, a large amount of ketchup is still sticking to the walls
of the dry pouch, while the infused pouch is almost completely cleaned out. b) For yogurt
drainage, even after 5 min of drainage there is much more yogurt trapped in a dry ULDPE
pouch (top) compared to an oil-impregnated pouch (bottom) after only 3 min. c) Logarithmic
plot of the mass remaining in the pouch versus time. Vertical dashed lines demarcate three
different power-law regimes. For the second and third regimes, the power-law slope was more
pronounced for the oil-impregnated pouch.

Poiseuille flow of uniform thickness h=h(t) down an inclined plane (Figure 6.8b):

Q ∼ ρg sin (α)h3w

µ∞
, (6.4)
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Figure 6.8: Drainage physics. a) Schematic of the pouch drainage: w and L denote the width
and length of the rectangular pouch respectively, h is the height of ketchup which can be
function of position and time, and α is the inclination angle. The inset depicts the difference
between dry and oil-impregnated polymer films comprising the pouch. b) Schematic of the
three drainage regimes, where the primary difference is the height profile.

where α is the tilt angle of the pouch. Using ṁ = ρQ ∼ md/t, where md is the mass drained
after some time t, it follows that:

md

t
∼ ρ2g sin (α)h3w

µ∞
, (6.5)

Ali et al. has shown that at the end of the initial regime of drainage, the ratio of the mass
remaining within the container to the initial mass remains fairly constant irrespective of
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container shape or fluid properties[252]. This mandates a constant value of md/t for a time
t corresponding to the end of this initial drainage regime, as the initial mass in the pouch
was the same for both dry and infused pouches. Thus, from Equation (6.5), the scaling
law h ∼ t−1/3 is obtained. For a container of constant width, this also means that the
ketchup mass remaining in the pouch scales as m ∼ t−1/3, in excellent agreement with our
experimental results for both dry and infused pouches.

In the second regime, corresponding to 10 s<t<120 s for the dry pouch and 10 s<t<40 s
for the infused pouch, surface effects become important and the drainage rate from infused
pouches (m∼ t−0.4) greatly exceeds that of the dry ones (m∼ t−0.2). At the moderate flow
rates of this regime, the ketchup behaves like a shear-thinning fluid. The shear-thinning
viscosity can be simply approximated as µ = µ0 (∂u/∂y)

n−1[253]. Flow in this regime can
still be modeled as Poiseuille flow, but now h=h(x, t) is no longer uniform along the incline
(Figure 6.8b). Balancing shear stress and gravity:

∂τ

∂y
=

dP

dx
= −ρg sinα, (6.6)

where τ=µ0(∂u/∂y)
n is the shear stress acting on the fluid. We can integrate Equation (6.6)

using the zero shear stress boundary condition at the free surface (τ |y=h = 0)[255]:

τ = µ0 (∂u/∂y)
n = ρg sinα(h− y). (6.7)

Integrating again using the no-slip boundary condition: u(x, 0, t)= 0, Equation (6.7) can be
integrated to obtain:

u(y) =

[
(ρg sinα)

µ0

] 1
n n

n+ 1

[
h

n+1
n − (h− y)

n+1
n

]
. (6.8)

The average flow rate per unit width down the incline can be found by integrating Q =∫ h

0
u(y)dy, which yields:

Q ∼ Ch2n+1/n, (6.9)

where the ρ, α and n terms are collected as a constant C. By conservation of mass, ∂Q/∂x =
−∂h/∂t . The power index for ketchup is known to be approximately n = 0.25[256], such
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that the free surface equation can be expressed as:

∂(Ch6)

∂x
=

∂h

∂t
, (6.10)

From the chain rule, Eq. 6.10 becomes:

Dh5∂h

∂x
=

∂h

∂t
, (6.11)

where D is a re-defined constant. Finally, this yields the scaling law h ∼ m ∼ (x/t)1/5,
which is a perfect match with the measured rate of m∼ t−0.2 for the dry pouch during this
second regime.

Due to the presence of a thin oil-layer, in the oil-impregnated pouch, ketchup can slip at the
infused wall[253, 257], resulting in a slip velocity of[193, 253, 258]:

us =
µ

β

(
∂u

∂y

)
y=0

, (6.12)

where β is the slip coefficient. Integrating Equation (6.6) with the new “slip” boundary
condition, the velocity profile becomes[253, 254, 259]:

u(y) =

[
(ρg sinα)

µ0

] 1
n n

n+ 1

[
h

n+1
n − (h− y)

n+1
n + us

]
. (6.13)

Note the extra term on the right-hand side compared to the drainage velocity over dry sur-
faces (Eq. 6.8), which is the likely cause of the enhanced drainage rate of the oil-impregnated
pouch in this second regime (m∼ t−0.4).

In the third regime, the ketchup draining from the pouch has diminished to become a thin film
(Figure 6.8b). As with the second regime, there is a marked improvement in the measured
drainage rate for the oil-impregnated pouches (m ∼ t−0.8) compared to dry pouches (m ∼
t−0.5). Given the low flow rates of this third regime, the ketchup can be modeled as a
Newtonian fluid with constant zero-shear viscosity µ0. For dry pouches, the flowing ketchup
is akin to the classical thin-film flow of a Newtonian fluid down an inclined surface as shown
by Jeffreys nearly a century ago[260]. A simple scaling analysis of the problem has been done
by Quéré et al. which considers a balance between viscous resistance to the flow µ0U/h2
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(where U∼∆x/t is the average flow velocity) and gravitational force ρg to find the evolution
of film thickness h with time[261]:

h ∼ (µ0∆x/ρgt)1/2. (6.14)

This results in a power law for drainage of m ∼ t−1/2 for the third regime, which again agrees
with the experimental results. For the oil-impregnated pouches, the aforementioned slippage
at the interface, in addition to the reduced hysteresis of any emerging contact lines, explains
the larger drainage rate of m ∼ t−0.8 for the third regime of drainage. While it is possible
that shear exerted by a test liquid flowing over an oil-impregnated surface can drain the oil
[209], the enhanced drainage of the ketchup from the infused pouches at this last stage of
drainage indicates this is not happening appreciably for our system. This is intuitive given
our very small effective pore size and the prior observation that shear-induced drainage is
more problematic for larger, micro-scale pores [228].

6.4 Conclusion

We have demonstrated that hydrocarbon-based polymers, such as polyethylene, can be eas-
ily impregnated with oils to create slippery packaging materials. While polymers such as
polyethylene have long been considered impermeable to oils, we demonstrated that impreg-
nation is possible when: 1) The polymer exhibits low density and degree of crystallinity (ex:
ULDPE), 2) The lubricant is a vegetable oil for maximal chemical compatibility, and 3) The
polymer layer is sufficiently thin (i.e. micrometric) to wick the oil inside of the molecular
matrix by Washburn’s Law within a practical time scale (t∼ 1 s). The process of impreg-
nation is as simple as coating a thin (10µm) pre-made polymer film with at least 0.5 g/m2

of oil and does not require any surface functionalization. Once the polymer film is impreg-
nated with oil, it is highly slippery to a variety of test liquids such as water, ketchup, or
yogurt. By using commercial-grade multilayer films with impermeable tie layers, the oil can
be confined to one face of the film but not the reverse face. The oil-impregnation was quite
stable, both to mechanical pressing against dry films and to long-term submersion under
ketchup. When assembling the films into pouches, both the drainage rate and total drainage
amount were significantly enhanced using the oil-impregnated films. Our recipe for easily
imparting slippery and anti-fouling properties to commercial-grade extruded films should
be highly useful for the packaging industry, particularly for food-release or pharmaceutical
applications. More broadly, we expect that these findings will greatly expand the material
palette used for creating slippery liquid-impregnated porous surfaces (SLIPS), as to date the
polymer choices were restricted to expensive silicone-based polymers or complex multi-layer
polymer assemblies on functionalized surfaces.
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Chapter 7

Conclusions and Future Work

“‘In the end?’ Nothing ends, Adrian. Nothing ever ends.”

−Dr. Manhattan, Watchmen

7.1 Conclusions

In conclusion, our objectives outlined in Chapter 3 have been accomplished. First, we found
out, quite surprisingly, that the gravity-independent jumping-droplet phenomena is also sus-
ceptible to the orientation of the condenser surface. A vertically oriented superhydrophobic
surface shows the least surface coverage by the condensing droplets and consequently, the
best heat transfer performance. We also did a comparative study of heat transfer perfor-
mance for all the different surface orientations based on the experimental droplet distribution
pattern on the surface. Secondly, we established jumping-droplet condensation as an impor-
tant agent for short-range dispersal of fungal plant pathogens. The spatial scale of dispersal
improves drastically when a gentle wind flow is introduced over the leaf surface. We then
shifted our attention to another phase-change induced phenomena where we discussed the
jumping frost phenomena through extensive experiments and numerical-analytical modeling.
Finally, we design a durable slippery liquid-infused surface from hydrocarbon-based polymer
films which showed remarkable repellency to both water droplets and dollops of ketchup.

Although our discussion here spanned across apparently disconnected fields of phase-change
phenomena, pathogen dispersal, or hydrocarbon-based polymers, we looked at these prob-
lems from the viewpoint of interfacial mechanics. The same surface tension which creates
the beautiful pearly beads of water droplets can engender high adhesion strength for ice and
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frost on a surface. The same event of condensate jumping from superhydrophobic surfaces
can enable higher heat transfer efficiency in man-made condensers but can be detrimental
for plants if they also carry spores. Our work focused on these often neglected aspects of
wetting (and de-wetting) phenomena and answer questions which are deceptively simple, yet
useful for future design or disease mitigation strategies. Often we have used simple scaling
analysis in place of detailed mathematical models. This helps in presenting only the essential
bare bone physics as well as engaging the readers in the discussion. But our understanding
in no way is complete as can be plainly understood by the mere 200 page length of this
dissertation. Below I present some future works related to few projects that we described in
the earlier chapters. Hopefully, our pedagogical approach to understand these problems will
inspire other people to work on them.

7.2 Future Directions

7.2.1 Spore dispersal via Jumping-droplet Condensation

In this work we have established the importance of jumping-droplet condensation as a pas-
sive spore dispersal mechanism. We have also provided an easy and effective method of
suppressing the effect via the application of any hydrophilic fungicide on the leaves. But this
study is still far from comprehensive as several challenges still remain as outlined below:

The case against the use of hydrophilic fungicide: Rendering the wheat leaves hydrophilic
might have some undesired side effects, as the wax coating on wheat leaves helps them
conserve water in dry conditions [262]. Moreover, rendering the leaves hydrophilic changes
the dynamics of raindrops impacting the leaves. For example, Park et al. observed that
splashed droplets tended to rebound from unsprayed leaves but stick to leaves treated with
fungicide [117]. When splashed droplets contain spores, this increased surface adhesion
might therefore enhance disease spread. Thus, although the application of a hydrophilic
spray has the clear benefit of inhibiting spore transport via jumping-droplet condensation,
future studies could explore whether this has the unintended consequence of enhancing spore
transport by rainsplash.

Extending the study to other natural surfaces and spores: Wheat leaves are superhydropho-
bic in nature, as shown by the quasi-spherical condensing droplets in the inset of Fig. 4C
in Chapter 3. More detailed contact angle measurements in previous reports also point to-
wards such superhydrophobicity [24, 117]. The superhydrophobic jumping-droplet effect is
enabled by the nanometric surface asperities on the leaf surface (Appendix, Fig. B.2), which
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are coated with leaf wax. Coalescence-induced droplet jumping has been observed on both
artificial [11, 25, 59, 60] and natural substrates [23, 135, 263] comprised of nanostructures
or hierarchical micro/nano-structures [264]. During the initial stages of condensation, nano-
metric (≈1− 10 nm for water) embryos tend to nucleate within the nano-roughness [25, 60].
How these nanometric embryos grow within the cells surrounded by the nanotextures dic-
tates the condensation-induced adhesion as well as occurrence of droplet jumping. If the
embryos grow laterally and fill the texture voids before protruding upwards, highly adhesive
Wenzel droplets are formed. On the other hand, the jumping-droplet effect is observed when
these nucleating embryos can stably inflate into a Cassie state without flooding the surface
textures beneath [59, 60]. Naturally, only the Cassie (or partial Cassie) wetting morpholo-
gies show jumping-droplet condensation. Thus, the degree of droplet adhesion to the surface
(i.e. Wenzel state vs. Cassie state) is the more important indicator of the ability to promote
jumping-droplet condensation, as opposed to a simple measurement of a droplet’s contact
angle [59].

The above general discussion sheds some light into how the wax-coated hierarchical nanos-
tructured geometry in both wheat and lotus leaves [135] gives rise to the superhydrophobicity
and jumping-droplet condensation behavior. As a natural extension to this, other plant sur-
faces with hierarchical features should also exhibit similar condensate jumping behavior.
Indeed, Mockenhaupt et al. observed coalescence-induced dislodging of dew droplets on the
superhydrophobic leaves of eight different plants [135, 137]. Extensive lists of plant surfaces
with varying degrees of hierarchical micro and nano-textures has been compiled by Barthlott
et al. [138, 139] which can be useful for future studies looking into the importance of dew
formation in fungal pathogen transport in other plants.

Field study: By performing the experiments in Chapter 4 in laboratory conditions, we could
avoid a lot of the complexities otherwise associated with natural field conditions. First of
all, the wind flow in actual field might not be always parallel to the leaf surface, but can
come perpendicularly also. Along with this, the real leaves are not fixed in one place but
behave as cantilever beams with the ability to twist and bend. All of these factors will affect
the jumping angles for the coalescing dew droplets and the subsequent dispersal. During
the time of maximum dew formation in natural conditions, we can place spore trapping
papers at the canopy level to collect the depositing spores. We can also put spore collectors
at different locations in a canopy which take air samples to understand the spore density
during a dew cycle. We can compare these data with similar studies done in the same filed
after rain events.

7.2.2 Jumping Frost

While in this work, our main objective was to understand the physics behind the jumping
frost phenomenon, we are still a long way from a comprehensive understanding. Moreover,
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our final goal of utilizing this event in a novel electrostatic de-icing construct is yet to be
achieved. Below we list these in detail:

Inclusion of Bjerrum defects in the theoretical modeling – Latham and Mason’s model for
charge separation in ice [145], adapted in Chapter 4 to estimate the surface charge density,
did not consider the effect of Bjerrum defects. This may seem a curios omission, consid-
ering that Bjerrum defects are 104–106 times more abundant than ionic defects. However,
attempts to include Bjerrum defects in our thermal migration model (as well as attempts by
others) [169] resulted in a positive charge on the warmer end of the frost. This contradicts
clear experimental evidence of the frost splinters exhibiting a negative charge, validated by
using charged copper electrodes (Figure C.3 in Appendix) and measured directly by others
[147, 148, 149]. We hypothesize that the Bjerrum defects do not appreciably contribute to
the charge separation because the preferential top-to-bottom thermal migration of negative
L defects is largely cancelled out by the migration of positive D defects from the outer sur-
face of the frost to the interior, as suggested by recent density functional theory simulations
(see section 3 of the Appendix) [265]. A recent study [266] has shown that the thermoelec-
tricfication process occurs in two distinct stages: an initial fast stage which is dominated
by the Bjerrum defects. In the slow stage, ionic defect motions modify the electric field
set up by the Bjerrum defects during the initial fast stage. While this is a much welcome
report to shed some light into this field plagued by debates, more such studies are required
to fully understand this complex interaction between the two kinds of defects. It would also
be interesting to vary the ambient gas phase and/or humidity, which was beyond the scope
of this initial study. Higher humidity cause faster frost growth which in turn can affect the
charge separation process in the frost layer. The impurities in the ambient gas can also affect
the charge on the outer frost layer [143].

Investigating practical applications for the jumping frost phenomenon – We also aim to exploit
our findings by maximizing the extent of charge separation in ice and applying an opposing
charge to rapidly detach and remove the ice from its substrate. Using such constructs in
place of existing de-icing methods, such as defrosting or antifreeze chemicals, would save
time, money, and be more environmentally friendly. Potential applications could include de-
icing aircraft wings or periodically harvesting ice from the intake of a jet turbine, to prevent
large chunks of ice from forming that can break off into the turbine and cause mechanical
damage. The basic experimental set up involves using a surface with ultra-low ice adhesion
(τice ∼ 1 kPa) to grow frost and a high voltage DC power supply to be used opposite to
the frosted substrate. Initial observations suggested by gradually increasing the opposing
voltage, the intensity of the frost ‘storm’ is increasing. Further experimental trials are
required to properly conclude if intensity of frost jumping is directly related to the amount
of voltage or charge on the opposing metal plate.
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Appendix A

Effect of Surface Orientation on

Jumping-droplet Condensation

A.1 Finding Wenzel neck radius of impaled droplets:

h l

d

R

rp

Figure A.1: Schematic of droplet growth from the nano-cavities on the superhydrophobic
surface used in the condensation experiments.

For determining the neck radius of an impaled droplet with Wenzel neck, we have followed
the three-stage growth model developed by Mulroe et al. [25] Initially a nanometric droplet
nucleates within the pillars and grows by direct condensation. In the first stage of the model,
we compare the energy required for lateral expansion to adjacent unit cells (∆Ei,s) and for
upward droplet growth to reach the pillar top of the current unit cell (∆Ei,u). For a droplet
constrained by n×n unit cells, this energy comparison can be written as a ratio-

(∆Ei
∗)n×n=

(∆Ei,s)n×n
(∆Ei,u)n×n

=
(l − d)(1− cos θa)− 2nl cos θa

4(l − d)− nπd cos θa
. (A.1)
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A droplet will preferentially grow upward if either ∆Ei
∗ is greater than 1 or the height of the

droplet reaches the pillar tops (nl≈h) before ∆Ei
∗>1. With our specific surface geometries,

nl≈h was first satisfied for n=5. Thus, the constrained droplet will grow laterally within 5
unit cells before reaching pillar tops. In the second stage, the droplet now flushed with the
pillar tops can either grow sideways or can inflate upward as a Cassie droplet. An energy
comparison similar to stage 1 can be used to find out the energetically favorable mode of
growth-

(∆Ef
∗)n×n=

(∆Ef,i)n×n
(∆Ef,u)n×n

=
(nl − d)(1− cos θa)− 2nh cos θa

nπl
. (A.2)

For our surface, ∆Ef
∗>1 is immediately satisfied for the n=5 value obtained from stage 1.

Thus as soon as the droplet reaches the pillar tops, it will grow upward. This critical value
of n can now be used to find out the neck radius rp as depicted in Figure A.1. The neck
radius is found out to be rp≈0.5nl=297.5 nm for our surface.
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A.2 Model of coalescence-induced impalement:

In the main manuscript, the theoretical model assumed that coalescence caused droplet de-
tachment and/or departure from the surface. However, it should also be considered whether
coalescence could induce the opposite effect, namely, impalement into the texture. There are
three possible mechanisms for coalescence-induced impalement: i) the excess surface energy
is much higher than the merged droplet’s work of cohesion, such that only a portion of the
droplet rips off the impaled necks, ii) the Wenzel state is more favorable than the Cassie
state, or iii) the dynamic pressure exerted by the liquid bridge during coalescence exceeds
the Laplace pressure required to invade the nanopillars. Each of these will now be considered
in turn.

The work of cohesion to break the merged droplet into two pieces is Wc ≈ 2γA, where A is the
surface area of the merged droplet. From volume conservation, A = 2

4
3πR2(2− 3 cos θapp +

cos θapp3)
2
3 . With θapp = θadv ≈ 160◦ and initial droplet radius, R= 867µm we find that

Wc ≈ 10−6. As the work of adhesion to detach two droplets from their respective Wenzel
necks (∆Ead|N) is considerably lower than the work of cohesion, the excess surface energy
released during coalescence would first supply the energy required for droplet detachment
from the impaled neck before supplying energy for breaking up the merged droplet.

If the Cassie state were merely metastable, then the energy released by coalescence could
overcome the energy barrier to switch to the more stable Wenzel state. The Cassie state is
energetically favorable over the Wenzel state when [87]:

θc = cos−1

(
φ− 1

r − φ

)
. (A.3)

With φ = 0.295 as the solid fraction and θa ≈ 113◦, we find that θc = 94.6◦ which indicates
that the Cassie state is energetically more favorable in our surface.

During coalescence, a liquid bridge rapidly expands against the substrate due to symme-
try breaking. The dynamic pressure due to bridging (∆Pd) can be approximated by ρvb

2,
where vb ≈ 2D0

2(γ/ρR)1/2 is the bridging velocity and D0 ≈ 1.62 is a prefactor found from
numerical simulations [53]. The capillary pressure barrier (∆Pc) is scaled as |2γcosθapp|/p,
where p is the pitch distance between the nanopillars. With p = 119 nm, we found that
∆Pc is three orders of magnitude higher than ∆Pd for any micrometric droplets. Thus, in
the modeling of the coalescence-induced droplet rolling, we can neglect the work of cohesion
or impalement of the merged droplet after coalescence and only compare the excess surface
energy of coalescence with the work of adhesion required to detach the merged droplet from
the nanostructures.
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A.3 Condensation heat transfer coefficient model:

For a condensing superhydrophobic surface, droplet size distribution n(r) for non-interacting
droplets is given by [28]:

n(r) =
1

3πrcol3rmax

(
rcol
rmax

)−2/3
r(rcol − rmin)

r − rmin

A2r + A3

A2rcol + A3

exp(B1 +B2) (A.4)

and for droplets bigger than the coalescence radius, the droplet size distribution, N(r) is
simply given by:

N(r) =
1

3πr2rmax

(
r

rmax

)−2/3

(A.5)

Here the constants B1 and B2 can be further defined as-

B1 =
A2

τA1

[
r2col − r2

2
+ rmin(rcol − r)− r2minln

(
r − rmin

rcol − rmin

)]

B2 =
A3

τA1

[
rcol − r − rminln

(
r − rmin

rcol − rmin

)]
with the sweeping period, τ expressed as-

τ =
3r2col(A2rcol + A3)

2

A1(11A2r2col − 14A2rcolrmin + 8A3rcol − 11A3rmin

and A1, A2, A3 are denoted by-

A1 =
∆T

ρhfg(1− cos θ)2(2 + cos θ)
, A2 =

θ

4kw sin θ

A3 =
1

2hi(1− cos θ)
+

1

kcsin2θ

[
kpφ

δckp + hkc
+

kw(1− φ)

δckw + hkc

]−1

(A.6)
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Figure A.2: Effect of sweeping on the condensation heat transfer coefficient. If all other
variables are kept constant, the surface with sweeping shows slightly better heat transfer
performance. As the two curves are qualitatively same, we have used the model with no
sweeping in the main paper.

Here, rcol is the coalescence radius above which droplet growth occurs mainly by coalescence.
In general, the coalescing length-scale can be optimized by surface structure design. For our
surface, this coalescing lengthscale is assumed to be 1µm which is similar to the coalescing
and deparing size observed on an equivalent surface by Mulroe et al. rmin is the critical
nucleation radius of the condensing droplets on a structured surface which can be taken as
10 nm for water in ambient conditions [6]. The upper bound of the droplet distribution,
rmax is the maximum droplet radius on the surface. In all previous jumping-droplet heat
transfer models it was considered constant as the departure radius of the droplets does not
depend on surface inclination in jumping droplet condensation. But even though the critical
jumping droplet size is dependent on the surface structures only, the orientation of the surface
ultimately controls the maximum droplet size on the surface for long-time condensation. So,
in our model, rmax is varied within a range of 10µm to 900µm, which includes the maximum
droplet size seen on our surfaces in our experiments for all three orientations. A key point to
note here is that for pure jumping droplet condensation the droplet sweeping is non-existent
or the sweeping period, τ is infinite. But, as seen in our experiments, during long term
condensation, the surface shows both jumping and sweeping removal of condensing droplets.
In such cases the sweeping terms B1 and B2 can not be neglected. In Figure A.2, we have
compared the heat transfer coefficient with and without sweeping term. As the difference is
not substantially large and both of the curves are qualitatively similar, we have neglected
the sweeping term in our model.
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Appendix B

Spore Dispersal via Jumping-Droplet

Condensation

A) B) C)

Figure B.1: Dimensions of a healthy wheat leaf cut from the stem. (A) The tip section is of
variable width. (B) In the middle, the leaf width is almost uniform (≈ 1 cm). This ≈ 3 cm
long middle section was used for all of the experiments. (C) The leaf again tapers off toward
the end near the stem.

B.1 Derivation of the projectile motion of a jumped

droplet (without air flow)

The equation of motion for a droplet jumping off the leaf at an angle θ and initial jumping
velocity u=0.22(γ/ρR)1/2 is given by:

m
dux(t)

dt
=−cux(t), (B.1)

m
duz(t)

dt
=−mg − cuz(t), (B.2)
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A) B)

Spore clusters

Single spores

C) D)

Figure B.2: Scanning electron micrograph (SEM) images of a healthy wheat leaf. (A) 5 kX
magnification and (B) 10 kX magnification. The nanometric surface asperities, clearly visible
in these images, are generally coated with wax which render the wheat leaves superhydropho-
bic. (C) SEM images of single spores and spore clusters on a diseased wheat leaf. (D) Careful
examination of the spores in the magnified image confirms that they are adhered to the leaf
surface.

where m=(4/3)ρwπR
3g is the mass of the water droplet of density ρw and radius R, c=6πµR

is the Stokes drag coefficient, and vx(t) and vz(t) are the x and z components of velocity
of the airborne droplet. The assumption of Stokes drag is borne out when considering the
Reynolds number (Re= 2ρairuR/µair) for the flow around the droplet is low for the range
of R values chosen here (Re≈ 1.6 − 3.2). By defining k := c/m, we can rewrite the above
differential equations as-

d

dt

(
ux

uz

)
=

d

dt

(
−kux

−g − kuz

)
(B.3)

Using the initial conditions ux(0) = u cos θ, uz(0) = u sin θ, we can solve for the horizontal
and the vertical position of the jumped droplet as a function of time-

x(t)=
ux(0)

k
(1− e−kt) (B.4)
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A) B)

Spores

Figure B.3: Stain and spore under microscope. (A) Magnified view of a blue stain caused
by a jumping dew droplet landing on water-sensitive paper (yellow). No spores were inside
of this particular jumped droplet. The maximum diameter of the stain (Dmax), shown here,
was used for Eq. 1 in the main manuscript. (B) Another example of a stain from a jumped
droplet, where in this case there were 39 spores adhered to the droplet. In both cases, there
was no wind above the diseased leaf, such that the droplets jumped over the edge of the leaf
onto the underlying paper.
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Figure B.4: Spread factor calculation. Spread factor of water droplets on the water-sensitive
papers, defined as the ratio of the maximum stain diameter (Dmax) to the pre-impact droplet
diameter. The green data points are extracted from the product datasheet by using a plotting
software (WebPlotDigitizer). The smooth red curve is the fitted power-law which was used
to obtain the spread factor corresponding to any given stain diameter.
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A) B)

Figure B.5: Projectile motion schematic. (A) Schematic of the projectile motion of a droplet
jumping off the leaf. The coordinate axes (x − z), jumping velocity (v0), the angle of the
jump (θ), and the trajectory of the airborne droplet is shown. The vertical distance between
the leaf and the water-sensitive paper is shown by z0 which is 1 cm. The distance of the
stains on the paper from the edge of the leaf is shown by lf which is the same as that shown
in Fig. 2a in the main text. (B) Chronophotograph of a jumping droplet from a diseased
wheat leaf is shown along with the jumping angle θ. Successive positions of the jumped
droplet are temporally separated by 40µs.

z(t)=−g

k
t+

1

k

(
uz(0) +

g

k

)
(1− e−kt) (B.5)

By choosing a value for the droplet radius R, we can plot x(t)≡ l(t) lines for different values
of the jumping angle θ=30◦, 60◦, 89◦, as shown in Fig. 2c in main text and in Fig. S4. We
can also solve for the total time of flight (tc) for a droplet of radius R by using z=−0.01m
in Eq. B.5, which accounts for the droplet returning to the water sensitive paper y0 =1 cm
below the leaf. Three different tc values were obtained corresponding to the three different
θ where the corresponding curves were end.

B.2 Critical speed of removal of dry spores from wheat

leaves

The hydrodynamic force exerted by wind with a mean speed of U , on a spherical spore of
radius Rp, can be defined as-
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Fshear≈1.7× 6πµaγ̇Rp
2, (B.6)

where µa is the viscosity of air and γ̇≈U/δ is the velocity gradient within a boundary layer
of thickness δ [267]. The boundary layer thickness is again related to the leaf section size

x and the free stream wind speed U as δ ∼
(
νx
U

)1/2
. This shear force has to overcome

the adhesion force exerted by the surface on the particle. For a completely dry leaf with
uncharged spores, this adhesion force is mainly due to the van der Waals force:

FvdW≈(A/6z2)Rp, (B.7)

where A is the Hamaker constant and z is the closest possible separation distance between
the awn surface and the spore [268]. For most organic molecules, A∼ 10−20 J [268] and z is
taken as 1 nm due to the nanoscopic surface asperities.

The theoretical critical wind speed for the removal of the dry spores (Rp∼10µm) can then
be found by combining all of the above equations:

Uc =

(
(A/6z2)

1.7× 6πµaRp(νx)
−1/2

)2/3

, (B.8)

which comes out to be about 10 m/s taking x ∼ 1 cm which is in general the width of a
wheat leaf, and µa=1.81× 10−5 Pa·s and ν=1.5× 10−5 m2s−1. While this is larger than the
experimental threshold wind speed for dry spore removal [131], this discrepancy comes from
the assumption of a fixed Hamaker constant and the separation distance values. A Hamaker
constant of A∼10−21 J, which is still within the acceptable range of values for a wide varitey
of surface and particle combination and a slightly increased separation distance of 2 nm gives
Uc ≈ 2.9m/s which is very close to the experimental critical wind speed value reported in
Ref. [131].
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Figure B.6: The lateral displacement versus time for a jumping droplet of radius R= 60µm,
and 100µm, respectively. Each graph shows the displacement curves for three different
jumping angles with respect to the horizontal: 30◦ (solid curve), 60◦ (dotted), and 89◦

(dash-dotted). The maximum lateral displacement for a jumped droplet (lf) is represented
by the terminal end of each curve. The value of lf corresponds to the critical time when
the projectile motion equation predicts the droplet will impact on the water-sensitive paper
below (mimicking a neighboring leaf). For these plots, the paper was placed 1 cm beneath
the leaf. Experimental values of lf are also overlaid on the same plot as symbols. The
jumped droplet radius were calculated from the stain diameters on the papers via the spread
factors (see Section 2). Although the majority of the experimental data points fall within
the theoretical limits, some droplets did travel farther than the theoretical lf. This can be
explained by droplets getting boosted by the air circulation in the laboratory, as can be seen
in Supporting Video S1 where the lateral displacement of jumping droplets is several times
larger during the downward descent compared to the upward launch. This air circulation
was quite mild, as it was less than the 0.4 m/s resolution of the anemometer, but this is
sufficient in the context of affecting micrometric droplets.
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Figure B.7: The number of impacted droplets (with or without spores) and the number of
spores per paper are plotted against the distance from the source leaf for Vwind = 0.5m/s.
All distances are measured along the (A) α= 30◦ and (B) α= 60◦ lines. No droplets were
captured on the papers placed along the α=45◦ line.
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Figure B.8: The number of impacted droplets (with or without spores) and number of
spores per paper are plotted against the distance from the source leaf for Vwind = 1.5m/s.
All distances are measured along the (A) α=30◦, (B) α=45◦, and (C) α=60◦ lines.
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Figure B.9: Spatial variation of the wind speed downwind of the leaf, as measured 1 cm above
the array of water-sensitive papers. This plot is only for the papers placed along the α=0◦

line downstream of the leaf. The green triangle indicates the wind speed (Vwind =1.5m/s)
1 cm above the leaf. A similar plot is not available for Vwind = 0.5m/s, as equivalent drop
in the wind velocity with distance resulted in a wind speed lower than 0.3 m/s, below the
minimum measurable value for the anemometer used in our study.
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Appendix C

Jumping Frost

a b

Syringe pump Goniometer stage

From 
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Figure C.1: (a) Experimental setup for jumping frost experiments in a room temperature
environment. The syringe pump supplied a known volume of water to the needle assembly,
where a 3D-printed paper holder was attached in place of a needle. (b) Details of the 3D-
printed paper holder assembly. The white plastic tube was attached to the paper holder for
proper fitting with the needle holder. Water from the syringe pump came directly to the
needle reservoir, flowed through the hollow channel, and finally wetted the filter paper at
the base.
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a b c

500 µm100 µm 100 µm

Acetone Ethylene glycol Decane

Figure C.2: Frost jumping for different polar and non-polar liquids. Chronophotograph of
frost jumping opposite to (a) an acetone droplet and (b) an ethylene glycol droplet. The
frost in both cases was grown on top of the pointy tip of a frozen droplet, which was in turn
resting on a Ts ≈ – 40 ◦C substrate. (c) No jumping was observed between the two frames
separated by 90 ms when a thin film of decane was placed opposite to the frosted substrate.
The total time for which we observed the system was about 5 min, to ensure that no jumping
was occurring.
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Figure C.3: Charged copper plate above frost. When two parallel copper plates were con-
nected to the positive and negative terminals of a 36 V DC power supply and held over a
frosted substrate, the frost preferentially jumped into the positive plate. The same behavior
shown here was observed for five different trials. This preliminary experimental result con-
firms that broken frost dendrites carry negative charges, in agreement with the Latham and
Mason theory we adapted in this manuscript. The white dashed line shows the substrate at
the base of the frost layer. Scale bars represent 500µm.
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C.1 Dielectric material in an external electric field

Before discussing the electric field simulations in detail, it is important to point out the
difference in behavior of a dielectric object and a conductor in an external electric field. As
a conductor is also a dielectric with infinite permitivitty, we can generalize and obtain the
electric field inside and outside of a dielectric sphere of radius a and relative permitivitty ε
in an external electric field E0 from the electric potential relation in a two dimensional field
r − z [166]:

φin=− 3E0

ε/εm + 2
z, (C.1)

φout=−E0z +
ε/εm − 1

ε/εm + 2

a3E0

(r2 + z2)3/2
z, (C.2)

where εm is the relative permitivitty of the medium around the sphere. The electric field
now can be obtained simply by taking the gradient of the potential with E=−∇φ. When
a conducting sphere is placed in an external electric field, no field can exist inside the
sphere, as the free charges inside the conductor move until the internal field is neutralized
(Fig. SC.4(a)). Surprisingly, when we replaced the conducting sphere with a water droplet
(ε≈80), we found the internal field to be very weak due to a high ε/εm ratio (Fig. SC.4(b)).
For our purposes we have thus neglected this field and have treated the water droplet and
the water film as a conductor with surface potentials for the electric field calculations. For
the demonstrations we have used an open source Mathematica code which uses C.1 and C.2.

C.2 Details of the numerical simulation

The numerical simulation in Chapter 5.3.4 is performed using COMSOL® Multiphysics.
Within the simplified one dimensional domain, the equation set (Eq. 5.3-5.9) is solved with
the built-in finite element method based solver. To capture the ions’ evolving near the
boundary characterized by the Debye length and save computational cost, a non-uniform
mesh is utilized. The domain length is set to be 0.1 mm. The element size close to the wall
is set as 0.3µm which is 20 times smaller than the relevant Debye length and the growth
rate is set to be 1.2. Total 53 elements were used with the maximum element size in bulk
set at 2.5µm. The total simulation time is 5 s with 1 ms as the time interval.
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Figure C.4: Electric field theory. Electric field inside and just outside a (a) conducting
sphere and (b) water droplet of radius a when placed in a uniform field of strength E0. The
field lines inside the water droplet shows the existence of a very weak internal field compared
to zero internal field for the conducting sphere. (c) V (t) vs. t plot for the jumped frost
particles when a water droplet was placed opposite to the frosted substrate. The second
acceleration period is evident at later times when the jumped frost particles come near the
hanging droplet. The diamonds and the triangles are experimental data with H≥2mm and
H<2mm, respectively.
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Appendix D

Hydrocarbon-based Polymer SLIPS
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Figure D.1: Submersion test. Drainage rates of ketchup being poured out of pouches com-
prised of oil-impregnated ULDPE films (see Section 4.5 in main text). There was no change
in performance when draining pouches freshly filled with ketchup (red line) with pouches
that were stored with ketchup for 53 days (blue line). This indicates the excellent stability of
the impregnated oil within the ULDPE films. All error bars represent a standard deviation
obtained from three trials.
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Figure D.2: Testing with different oils for infusion. When ULDPE films were impregnated
with chemically compatible vegetable oils, the contact angle hysteresis (CAH) of water
droplets was reduced to <5◦.
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Figure D.3: Molecular structure of two oils. a) Typical molecular structure of a saturated
triglyceride. Triglycerides are the main components in vegetable fats and oils. A triglyceride
molecule consists of three fatty acid molecules (shown in light green) connected to a glycerol
backbone (shown in light blue). Due to the presence of these long hydrocarbon tails, triglyc-
erides are non-polar in nature. b) A silicone oil (PDMS) molecular structure consists of Si-O
bond and adjacent methyl groups. Due to the presence of this polar Si-O bond, silicone oil
is polar in nature.
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