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Abstract

The interaction between liquid drops and textured surfaces not only offers funda-

mental challenges in capillarity and wetting, but also enables new applications rang-

ing from self-cleaning materials to self-sustaining condensers. The first part of this

dissertation deals with the fundamental wetting and dewetting dynamics of drops

on textured surfaces, and the self-propelled jumping of dropwise condensate on su-

perhydrophobic surfaces. The second part builds upon these findings in dynamical

superhydrophobicity to develop a jumping-drop thermal diode that rectifies heat flow

between textured superhydrophilic and superhydrophobic surfaces.

On the fundamental side, anti-dew is an essential property of robust superhy-

drophobic surfaces, particularly those deployed in ambient environments or phase-

change systems. A superhydrophobic lotus leaf retains water repellency after re-

peated condensation in nature but becomes sticky to water drops after condensation

on a fixed cold plate. To solve this mystery, we first study the possible wetting

states of superhydrophobic surfaces possessing two-tier surface roughness mimicking

that on the lotus leaf. By incrementally increasing the ethanol concentration of wa-

ter/ethanol drops, two distinct wetting transitions are observed on two-tier surfaces.

Drops in the intermediate wetting state uniformly wet the microscale roughness but

not the nanoscale roughness. Dew drops exhibited a similar intermediate wetting

state. Our experiments show that mechanical vibration can be used to overcome the

energy barrier for transition from the intermediate wetting (Partial Wenzel) state
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to the fully dewetted (Cassie) state, and the threshold for the dewetting transition

follows a scaling law comparing the kinetic energy imparted to the drop with the

work of adhesion.

Although vibration-induced dewetting is effective for removing millimetric con-

densate from the surface, micrometric condensate cannot be removed as surface

energy dominates at small scales. We report a new discovery in which the micromet-

ric condensate can spontaneously dewet and jump off the superhydrophobic surface.

The spontaneous jumping results from the surface energy released upon drop coales-

cence, which leads to the rapid out-of-plane jumping motion of the coalesced drops.

The jumping drops follow an inertial-capillary scaling and give rise to self-sustained

dropwise condensation with a micrometric average diameter. Using two approach-

ing Leidenfrost drops suspended on a vapor layer to simulate superhydrophobicity,

we show that the out-of-plane directionality results from the impingement of the ex-

panding liquid bridge against the heated Leidenfrost surface, which is initially formed

between coalescing drops above the substrate.

On the practical side, textured surfaces offer new possibilities for phase-change

heat transfer. Taking advantage of the self-propelled jumping condensate, we de-

veloped a planar phase-change thermal diode that transports heat in a preferential

direction. The jumping-drop diode is composed of parallel superhydrophobic and

superhydrophilic plates, and the thermal rectification is enabled by spontaneously

jumping dropwise condensate which only occurs when the superhydrophobic sur-

face is colder. The superhydrophobic surface has nanoscale surface roughness that is

anti-dew, while the superhydrophilic surface consists of porous copper wick borrowed

from heat pipes. Our planar thermal diode with asymmetric wettability is scalable

to large areas with an orientation-independent diodicity of over a hundred.

More broadly speaking, the self-propelled jumping offers an alternative means to

return liquid condensate in phase-change systems. We systematically investigate the
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heat transfer performance of a vapor chamber enabled by the jumping condensate.

When the non-condensable gases are removed, the effective heat transfer coefficient

is mainly governed by the interfacial resistance of the phase-change processes and

the conduction resistance across the superhydrophilic wick. Potential routes for

improving the heat transfer performance are discussed, including the optimization

of the superhydrophilic wick and its separation with the opposing superhydrophobic

surface. The new jumping return mechanism is unique in that it neither relies on

external forces nor requires wick structures along the return path, and is expected

to be applicable to a variety of phase-change heat transfer systems.
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1

Introduction

1.1 Motivation

Recent progress in microfabrication and nanotechnology has led to the development

of textured surfaces exhibiting extreme water repellency, known as superhydropho-

bicity. The applications for superhydrophobic surfaces include reducing drag for wa-

tercraft, stain-free textiles, more effective condensers for heat transfer, and enabling

anti-dew, anti-ice, and anti-reflective materials. It is well known, however, that most

synthetic superhydrophobic surfaces lose their water repellency during and after con-

densation cycles. Interestingly, this is in sharp contrast to natural organisms such as

the lotus leaf, which remain dry and superhydrophobic even after the morning dew.

Until synthetic superhydrophobic surfaces can attain the anti-dew properties of their

natural analogues, most of their potential applications remain impractical.

For a superhydrophobic surface to be considered anti-dew, it must continuously

eject nucleating condensate drops from its surface before they can grow to an ap-

preciable size. Beyond the obvious application for anti-fogging surfaces, this rapid

ejection of microscopic condensate could also be utilized as a novel form of liquid

transport for phase-change heat transfer systems. For a closed phase-change system
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to exhibit continuous heat transfer, liquid condensate forming at the heat sink must

be transported back to the wetted evaporator at the heat source to prevent dryout.

Currently the only two methods to passively transport the condensate to the evapo-

rator are by gravity, which constrains the orientation of the device, or by capillarity,

which constrains the size and geometry of the device. If a superhydrophobic con-

denser could passively eject condensate out-of-plane back to an opposing evaporator,

this could potentially serve as a third method of liquid transport for phase-change

systems, avoiding the orientational and geometric constraints inherent to current

systems using gravity or capillarity.

1.2 Goals and Objectives

The overall goal for this work is to develop dynamic techniques for ejecting sticky

condensate from superhydrophobic surfaces and to utilize the resulting anti-dew con-

denser in a novel phase-change heat transfer device. This can be broken down into

three major objectives, each one contingent on the success of the previous one:

Objective 1: Investigate the possible wetting states of drops on a two-

tiered superhydrophobic surface.

For synthetic superhydrophobic surfaces composed of only one scale of surface

roughness, the possible wetting states are fairly straightforward. Drops will either

rest atop the surface texture in a highly mobile state desirable for water repellency

(Cassie state), or impale into the cavities with a large degree of contact angle hys-

teresis (Wenzel state). Most natural superhydrophobic organisms, however, exhibit

not one but two tiers of surface roughness that are well known to promote robust

water repellency. What is not well understood is how the addition of this second

length scale of surface roughness affects the possible wetting states and wetting tran-

sitions for deposited water drops and condensing dew. Therefore the first objective

of this research is to investigate the nature of wetting states and wetting transitions
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on two-tiered superhydrophobic surfaces. Using a synthetic two-tier superhydropho-

bic surface with homogeneous surface roughness, it will be investigated whether an

intermediate wetting state where drops impale only one of the two tiers is possi-

ble (Chapter 3). This is of interest because Wenzel drops fully wetting the surface

roughness are irreversibly impaled, but it is unclear whether a drop in an intermedi-

ate (Partial Wenzel) impalement state could be dewetted on a two-tier surface.

Objective 2: Develop dynamic techniques to actively and/or passively

dewet sticky condensate from superhydrophobic surfaces.

The existence of a Partial Wenzel state on two-tier superhydrophobic surfaces

begs the question of whether such drops are irreversibly impaled in the same man-

ner as Full Wenzel drops. Therefore the second objective is to attempt to dewet

Partial Wenzel drops by transitioning them to a Cassie state using dynamical super-

hydrophobicity. Since condensed drops tend to form in the Partial Wenzel state on

a two-tier superhydrophobic surface, a Partial Wenzel to Cassie transition is of par-

ticular interest for anti-dew and phase-change heat transfer applications. There are

two specific aims for this objective. The first specific aim is to develop a dewetting

technique for condensate impaled in the Partial Wenzel state by harvesting energy

supplied from an external force, for example mechanical vibration (Chapter 4). The

second, more ambitious specific aim, is to develop a passive technique that sponta-

neously dewets sticky condensate independently of gravity or external forces, via the

energy gained upon naturally occurring drop coalescence (Chapter 5).

Objective 3: Utilize a jumping-drop superhydrophobic condenser in a

novel phase-change thermal diode.

It was discovered that condensate can spontaneously jump from a superhydropho-

bic condenser, resulting in a final objective to incorporate this new form of liquid

transport into a novel phase-change heat transfer device. Specifically, the out-of-

plane jumping motion that occurs during the coalescence-induced dewetting of Par-

3



tial Wenzel condensate can be used as a new liquid return mechanism in a vapor

chamber. This will be attempted by placing a superhydrophobic condenser parallel

to a superhydrophilic evaporator, such that drops condensing on the superhydropho-

bic surface can spontaneously jump directly back to the evaporator without requiring

gravity or capillarity. It should be noted that this new jumping-drop vapor chamber

has an inherent asymmetry, since the condensate can only return to the evaporator

when the superhydrophobic side is cooler than the superhydrophilic side. There-

fore, this chamber should be used as a thermal diode, where heat is preferentially

transported in one direction but insulated in the reverse direction (Chapters 6 – 7).

1.3 Organization

In chapter 2, background information will be provided for superhydrophobic and

superhydrophilic surfaces, superhydrophobic condensation, and thermal diodes. Key

characteristics of superhydrophobic and superhydrophilic surfaces, such as contact

angles, wetting states, and surface structure, are introduced and linked to potential

phase-change heat transfer applications. Current examples of thermal diodes are

outlined and their limitations discussed, and it is hypothesized how the utilization of

a superhydrophobic condenser and a superhydrophilic evaporator could potentially

solve these constraints. Chapter 3 is an experimental study of the wetting transitions

of water drops on one-tier and two-tiered superhydrophobic surfaces. Wetting tran-

sitions were induced by gradually increasing the ethanol concentration of deposited

water drops, and on the two-tiered surface two distinct wetting transitions were ob-

served, revealing an intermediate wetting state. In Chapter 4, it is demonstrated

that millimetric drops partially impaled in this intermediate wetting state can be

permanently dewetted from the surface roughness using mechanical vibration, while

drops fully impaled are irreversibly trapped. While Chapter 5 is also a study on

superhydrophobic dewetting, the drops involved are now micrometric in length scale
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such that surface energy dominates over inertial forces, resulting in a surprising new

liquid transport phenomena. It is demonstrated that when two or more micrometric

drops coalesce together on a superhydrophobic surface, some of their surface energy

can be spontaneously converted to kinetic energy, resulting in the drops jumping

out-of-plane off the surface. Interestingly, this is exactly opposite to dewetting at

the millimetric length scale, where externally imposed kinetic energy was converted

to surface energy. Everything is put into practice in Chapter 6, where a new type

of thermal diode is designed and tested that utilizes the dewetting techniques previ-

ously studied to preferentially conduct heat in one direction. This new jumping-drop

thermal diode avoids all of the constraints of existing thermal diodes, allowing for

effective thermal rectification in a planar orientation independent of gravity and ori-

entation. The jumping-drop thermal diode is systematically tested in Chapter 7, and

a theoretical model is developed to predict its performance. Concluding remarks and

suggestions for future work will be discussed in Chapter 8.
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2

Background Information

“Life is like a raindrop on a lotus leaf.”

−George Harrison

2.1 Surface Wettability

2.1.1 Young’s Contact Angle on Smooth Surfaces

It is of great practical interest to understand and control how liquids interact with

solid surfaces. The extent to which a liquid drop will spread or recede on a solid

substrate denotes the system’s wettability, and can be quantitatively described by

the contact angle that the drop makes with the solid surface. For a homogenous

surface, the contact angle is approximately uniform everywhere along the circular

perimeter of the drop’s contact area with the surface, this wetted perimeter is known

as the contact line. The contact line is the only part of the system where the

solid-liquid, liquid-gas, and solid-gas interfaces intersect together, which is why it

is also commonly referred to as the triple contact line or three-phase line. For a
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static liquid drop, measuring the contact angle at the contact line will reveal how all

three interfaces balance together to define the system’s wettability. Note that these

concepts apply to any system containing three non-miscible substances, but the most

typical case of a solid-liquid-gas system is assumed here.

What are the underlying principles that govern this balancing act that occurs

at the contact line? Just over two hundred years ago, in 1805, Thomas Young

made the revolutionary discovery that even though surface tension appears to be a

macroscopic phenomena, its underlying mechanism is actually the cohesive attraction

of molecules (or ‘particles,’ as Young cheerfully described them at the time) [1, 2].

Molecules in the liquid phase have a mutual attraction that outweighs their thermal

agitation (otherwise they would be in the gas phase), such that molecules in the bulk

of the liquid surrounded by neighboring molecules are in an energetically favorable

(or “happy”) state. Conversely, the unfortunate molecules that happen to be located

on the surface (interface) of the liquid have only half as many neighboring molecules

and are in an energetically unfavorable (or “unhappy”) state. This is why liquids like

to change their shape to minimize their surface area, in doing so they also minimize

their interfacial energy, which Young realized was directly proportional to the number

of molecules on the surface.

For the first time, the concept of surface tension was properly understood as

the work per unit area (or force per unit length) required to create an energetically

costly interface. The greater the molecular density and molecular cohesion of a

substance relative to its neighboring substance, the greater the surface tension and

opposition to interfacial deformation, as is clear from the contrast between jumping

into a pool filled with water versus a drained pool with nothing but concrete. Since

the molecular cohesion of a solid material is indeed so strong that it cannot passively

deform to minimize its surface area, it is a common misconception that only liquid-

gas or liquid-liquid interfaces exhibit surface tension. It is crucial to remember that
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the concept of surface tension holds for any non-miscible interface, including solid-

liquid and solid-gas surfaces. With this in mind, we can now return to the concept

of contact angles.

Young realized that, for a liquid drop placed on a smooth surface, its spreading

or receding was controlled by the net force per unit length of the solid-liquid (γSL),

liquid-gas (γ), and solid-gas (γSG) surface tensions acting on the contact line. The

drop will continue to spread or recede on the surface until the drop reaches its

equilibrium value where the sum of the horizontal components of the surface tensions

cancel out:

γ cos θY + γSL − γSG = 0. (2.1)

Solving for the contact angle yields what is known as Young’s equation:

cos θY =
γSG − γSL

γ
. (2.2)

This equilibrium contact angle of a drop on a smooth surface (Fig. 2.1) is known as

the Young’s contact angle (alternatively referred to as the intrinsic or static contact

angle). For Young’s contact angles of θY < 90◦ the drop is considered to be wetting

the surface and the surface is termed hydrophilic; for angles of θY > 90◦ the drop is

considered to be non-wetting and the surface is termed hydrophobic. It should be

noted that Eq. (2.2) is commonly used to substitute the typically unknown value of

γSG − γSL with the known value of γ cos θ, as we shall see in the proceeding section.

An often overlooked aspect of the force balance at the contact line is the vertical

component of the liquid-vapor surface tension, given by γ sin θ, whose balancing force

causes the elastic deformation of the solid substrate and was not well understood until

very recently [3].

It is often desirable to calculate the overall profile of a drop in order to find

the values of the interfacial energies (also known as the free energy). Recall that
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Figure 2.1: (a) Balancing the x-components of the surface tensions acting at the
contact line results in the (b) Young’s contact angle (θY ) of a drop at rest on a
smooth surface.

liquids want to deform to minimize their surface energy, which is why the liquid-

vapor interface of a small drop placed on a surface will exhibit a spherical-cap shape

regardless of its contact angle. A geometrical relation between the volume (V ),

Young’s contact angle (θY ), and radius of curvature (R) of a spherical-cap drop is

given by:

V =
πR3 (1− cos θY )2 (2 + cos θY )

3
, (2.3)

typically Eq. (2.3) is used to solve for the radius of curvature when the drop’s volume

and contact angle are known. The radius of curvature can be easily converted to the

contact radius of the drop using a=R cos θY , which can in turn be used to find the

interfacial energy of the solid-liquid interface: ESL =πa2γSL. The interfacial energy

of the liquid-vapor interface is given by ESL = 2πR2(1 − cos θY )γ. Putting every-

thing together in conjunction with Eq. (2.2) reveals the net change in the system’s

interfacial energy due to the presence of a drop:

∆E =
(
πa2γ

)(2(1− cos θY )

cos2 θY
− cos θY

)
. (2.4)

But do deposited drops always exhibit spherical caps? Large puddles that form

after a heavy rainfall are rather flat in shape, so clearly at some critical length scale

the force of gravity flattens out the spherical-cap of the liquid-vapor interface. The
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force of surface tension scales as Fγ∼γ l while the force of gravity scales as Fg∼ ρ g l3

(where l is the size of the drop, ρ is density, and g is gravity), therefore the critical

length scale, κ−1, is given by:

κ−1 ∼
√

γ

ρ g
, (2.5)

which is known as the capillary length and is κ−1≈ 2.7 mm for water at room tem-

perature [4]. Here, the focus will be on spherical-cap drops that are smaller than the

capillary length.

Going back to Young’s equation (Eq. 2.2), recall that at equilibrium γSG − γSL

balances with γ cos θY for a smooth surface. For a drop to completely wet the surface

(θY ≈ 0◦), it is therefore required that γSG−γSL ≥ γ, meaning that it is energetically

favorable for the solid-liquid and liquid-vapor double interface to completely replace

the solid-vapor interface [5]. This is indeed possible using liquids with very low γ,

such as alkanes and oils, or by using a solid with a very large γSG, such as freshly-

cleaned glass. The other extreme of complete non-wetting (θY ≈ 180◦), of obvious

interest for water-proofing applications, requires that γSL− γSG ≥ γ. Unfortunately,

it turns out that even with the most hydrophobic surface coatings available, such as

teflon, the largest Young’s contact angle possible (with the standard case of water in

air) is θY ≈ 120◦, a far cry from 180◦ [6]. It would seem that extreme non-wetting is

chemically impossible, at least with smooth surfaces.

This was made all the more puzzling by the common observation that many nat-

ural organisms, such as ducks and lotus leaves, exhibited sublime water repellency

with contact angles seemingly approaching 180◦. Many came to the false conclusion

that nature was somehow capable of producing surface coatings with significantly

larger Young’s contact angles than anything chemists could cook up. Adding to the

confusion, early in the twentieth century it was becoming well-known industrially

(although not well understood) that the best water-repellent fabrics required a cer-
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tain level of porosity, resulting in superior non-wetting compared to smooth surfaces

with the same surface chemistry. It seemed that by adding texture to a surface,

the resulting contact angle became either larger or smaller than the Young’s contact

angle of the equivalently smooth surface. The term apparent contact angle is used

to characterize drops on surfaces where the wettability is influenced not only by the

surface chemistry but also by the surface roughness, this concept was introduced by

Wenzel in 1936 [7, 8] and furthered by Cassie in 1944 [9, 10].

2.1.2 Apparent Contact Angle on Roughened Surfaces

Wenzel was the first to realize that adding roughness to a material didn’t change the

Young’s contact angle or the values of the surface tensions, but did change how the

surface tensions balanced out [7, 8]. In other words, the values of γSL, γSG, and γ

do not change with surface roughness, but the interfacial area experiencing γSL and

γSG is now multiplied by the dimensionless surface roughness parameter r, which

is the ratio of the actual surface area to the projected surface area of the textured

substrate. Under the condition that the length scale of the surface roughness is

significantly smaller than the size of the drop, it can be assumed that the roughness

does not alter the directionality of the solid-liquid or solid-gas surface tensions, which

are still approximately parallel to the substrate. For the case of an array of uniform

square pillars with width w, center-to-center separation s, and height h, the surface

roughness is given by:

r =
(s2 + 4wh)

s2
. (2.6)

The apparent contact angle of a liquid drop wetting a roughened surface (Fig. 2.2b)

can be obtained by calculating the change in energy required for the drop to spread

an incremental distance dx over the surface (Fig. 2.2a) and solving for the equilib-

rium state. Keeping in mind that γSL and γSG are now acting over r times more
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Figure 2.2: (a) Calculating the change in energy required for a Wenzel drop to
spread an incremental distance dx along the surface results in the (b) apparent
contact angle of a Wenzel drop in static equilibrium.

interface compared to γ, an energy balance yields:

dE = γ dx cos θ∗ + r (γSL − γSG) dx = 0. (2.7)

Solving for the apparent contact angle and using Eq. 2.2 to simplify yields the Wenzel

equation:

cos θ∗ = r cos θY . (2.8)

Due to its trigonometric form, this equation is not intuitive until seen graphically

(blue line in Fig. 2.3), but once understood its consequences are profound. The

Wenzel equation reveals that roughening a surface will always amplify its intrinsic

wetting state. A smooth hydrophobic material will become even more hydrophobic

when roughened, and a hydrophilic material will become even more hydrophilic.

By roughening hydrophobic surfaces, Wenzel reported drops with apparent contact

angles as large as θ∗ ≈ 150◦, far closer to complete non-wetting than anything possible

with flat surfaces. For example, a smooth surface with θY = 100◦, when given a

surface roughness of r = 5, produces drops with θ∗ = 150◦. However, even Wenzel

drops with very large apparent contact angles tend to be extremely difficult to remove

from a surface, an explanation of which requires a brief introduction to the concept

of contact angle hysteresis.
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Figure 2.3: Theoretical plot of the apparent contact angle, cosθ∗, vs. the Young’s
contact angle, cosθY , for a surface roughened by micropillars (f = 0.095, r = 1.8).
The bottom-left quadrant shows how when the surface is intrinsically hydrophobic,
the surface roughness amplifies the hydrophobicity, while the upper-right quadrant
shows the roughness amplifying an intrinsically hydrophilic surface. The green, blue,
and purple lines represent the stable Cassie, Wenzel, and Impregnation regimes,
respectfully.

Contact angle hysteresis measures a drop’s friction against the substrate due to

the contact line pinning against surface features, and is defined as the difference

between the advancing and receding apparent contact angles (θa − θr) the drop

exhibits when it becomes able to slide across the substrate. The force required

to move a drop across a surface is given by F ∼ γ (θa − θr). A Wenzel drop on

a rough hydrophobic surface may have a fairly large apparent contact angle, but

because its contact line has fully penetrated into the surface roughness, its contact

angle hysteresis is extremely large. It is not uncommon for θa − θr ≈ 180◦, such

that even when the substrate is oriented vertically, Wenzel drops stubbornly cling

to the surface. Therefore Wenzel’s equation helped explain how natural organisms
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could exhibit large apparent contact angles, but failed to explain how these same

organisms also minimized their contact angle hysteresis. This mystery of how nature

achieves such robust non-wetting materials would remain unsolved until the close of

the second World War, nearly 150 years after Young’s equation was first developed.

Interestingly, as the roughness of a hydrophobic surface is increased past a critical

level, drops no longer prefer to penetrate into the surface roughness but rather rest

atop of it, trapping air pockets underneath (Fig. 2.5b). This was the key finding of

Cassie in 1944, who was the first to consider the scenario where the continuous solid-

liquid interface of a drop’s contact area was replaced with composite solid-liquid and

liquid-gas interfaces resting on top of the surface roughness [9, 10]. The portion of

a Cassie drop’s contact area that is resting on top of the roughness is known as the

solid fraction (φ), while the rest of the drop’s contact area (1−φ) is composed of a

suspended liquid-gas interface. In the case of an array of uniform square pillars, the

solid fraction is:

φ =
w2

s2
. (2.9)

Summing up the energy required for a Cassie drop to spread across the surface

by dx (2.5a) and solving for the equilibrium state yields:

dE = γdx cos θ∗ + φ (γSL − γSG) dx+ (1− φ) γdx = 0, (2.10)

where the second term on the right-hand side signifies replacing the solid-gas interface

on the tops of the surface roughness with a solid-liquid interface, and the third

term adds the energy of the liquid-gas interface now suspended above the cavities.

Solving for the apparent contact angle and using Eq. 2.2 to simplify yields the Cassie

equation:

cos θ∗ = φ (1 + cos θY )− 1. (2.11)

Note that, unlike a Wenzel drop, the microscopic contact line of a Cassie drop is
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Figure 2.4: (a) Calculating the change in energy required for a Cassie drop to
spread an incremental distance dx along the surface results in the (b) apparent
contact angle of a Cassie drop in static equilibrium.

no longer a continuous perimeter but rather an array corresponding to the geometry

of the solid fraction. The most important result of the Cassie equation is that as

φ→ 0, the system increasingly approximates the perfectly non-wetting case of a drop

fully suspended in air, with θ∗→ 180◦ (green line in Fig.2.3) and (θa − θr)→ 0◦. At

last it was conceptually understood how to obtain a superhydrophobic surface, which

by definition exhibits a large apparent contact angle (θ∗≥ 150◦) and minimal contact

angle hysteresis (θa − θr ≤ 10◦) with water. While it is of course impossible to have

a textured surface where φ= 0, advances in microfabrication in the past few decades

have enabled the production of surfaces with microscale and/or nanoscale features

possessing small solid fractions (φ < 0.1 is typical), resulting in a recent explosion

in superhydrophobic materials and research.

The Cassie state is the most extreme non-wetting state possible on a roughened

surface, and at the opposite extreme is perfect wetting, commonly known as the

Impregnation state. A drop in the Impregnation regime wets a textured surface so

intimately that it extends a precursor film of liquid into the surface roughness outside

of the drop’s contact line. While the apparent contact angle of such a drop is always

close to zero and difficult to optically characterize, it can be be estimated mathe-

matically using the same composite wetting approach used by the Cassie equation.
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Figure 2.5: (a) Calculating the change in energy required for an Impregnated drop
to spread an incremental distance dx along the surface results in the (b) apparent
contact angle of an impregnation drop in static equilibrium.

Assuming the existence of a liquid-air interface in the cavities outside of the domain

of the drop’s contact line, the equilibrium state is given by:

dE = γdx cos θ∗ + φ (γSL − γSG) dx− (1− φ) γdx = 0. (2.12)

Note the only difference from the Cassie equation (2.10) is the final term, as now the

advancing front removes the liquid-gas interface from the cavities instead of creating

one. Solving for the apparent contact angle and using Eq. 2.2 to simplify yields the

Impregnation equation:

cos θ∗ = φ (1− cos θY ) + 1, (2.13)

which represents the purple line in Fig. 2.3, completing the spectrum of possible

wetting regimes in the presence of surface roughness.

2.1.3 Metastable and Mixed States

For a roughened surface, both the Wenzel and Cassie states are theoretically possible,

but can it be predicted or even controlled which state the surface will exhibit? Pro-

vided that the values of the Young’s contact angle (θY ), surface roughness (r), and

solid fraction (φ) are known for a textured surface, it can be calculated whether the
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Wenzel state or Cassie state is energetically favorable for a deposited drop. Looking

at the graph where the apparent contact angles of Cassie and Wenzel drops are plot-

ted against the Young’s contact angles (blue and green lines in Fig. 2.3), the point of

intersection defines the critical intrinsic contact angle (θc) at which the two wetting

states are energetically equivalent with the same apparent contact angle. This can

be reduced to an algebraic expression by equating Eq. 2.8 and Eq. 2.11 together:

r cos θc = φ (1 + cos θc)− 1. (2.14)

Since the Cassie state is more hydrophobic than the Wenzel state, the surface must

exhibit an intrinsic contact angle larger than this critical value for the Cassie state

to become stable. Therefore the criteria for the Cassie state to be the energetically

favorable configuration is given by [11, 12]:

θY >θc, where cos θc=−1− φ
r − φ

. (2.15)

In other words, when θY < θc, the Wenzel state is energetically stable, and when

θY >θc, the Cassie state is energetically stable.

But will drops always exist in the state corresponding to the lowest surface en-

ergy? Using the first superhydrophobic surface with controlled surface roughness

as an example, its micropillared surface was characterized by θY = 118◦, r = 1.3,

and φ= 0.05 [13]. Plugging these parameters into Eq. 2.15 yields a critical intrinsic

contact angle of θc = 139◦; since θY < θc the Wenzel state is energetically stable,

yet drops gently deposited on this surface exhibited the Cassie state. Interestingly,

when pressure was applied to these Cassie drops, it was discovered that they could

permanently switch to the more stable Wenzel state.

It was subsequently realized that this behavior could be explained by the pres-

ence of an energy barrier between the Cassie and Wenzel states, allowing for drops
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being trapped in a metastable state which does not have the lowest possible surface

energy [12, 14, 15, 16]. For example, if a Cassie drop is metastable, it is energetically

desirable to replace the liquid-gas and solid-gas interfaces underneath the suspended

drop with a uniform solid-liquid interface, but the transition process of sliding down

the surface roughness while initially maintaining the liquid-vapor menisci is a net

increase in surface energy and therefore cannot passively occur. Analytical expres-

sions for calculating the energy barriers between the Cassie and Wenzel states were

first provided by He et al. [17] and Ishino et al. [18].

Further complicating matters, microscopy has revealed that a drop can exist in

a mixed state, where a portion of the drop’s contact area is impaled in the Wenzel

state while the other portion is suspended in the Cassie state, even on a homoge-

neous micropillared surface [19, 20]. This mixed state most commonly occurs with

condensate drops (discussed in the next section). It remains to be understood if

these deposited drops are qualitatively similar to the condensed mixed drops in that

the Wenzel and Cassie states coexist, or if they are only partially (but uniformly)

penetrating the micropillars.

2.1.4 Hierarchical Surface Roughness

Interestingly, even though synthetic superhydrophobic surfaces with microscale−only

or nanoscale−only roughness exhibit the desired Cassie state, it has been repeatedly

observed that natural superhydrophobic organisms usually exhibit hierarchical two-

tier roughness. In a landmark investigation by Neinhuis and Barthlott [21], it was

found that superhydrophobic plants (including the Nelumbo nucifera lotus leaf) all

exhibited a similar two-tier roughness: microscale protuberances (papillae) coated

with nanoscale wax crystals. Similar to the lotus leaf, a desert beetle was found to

have microscale bumps coated with nanoscale wax, with the interesting twist that the

peak of each bump is waxless and hydrophilic to preferentially condense dew drops
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that eventually detach and flow down the superhydrophobic channels into the beetle’s

mouth [22]. Gao and Jiang reported that the legs of water striders are composed

of tiny hairs (microsetae) that in turn are covered with nanogrooves, and that this

hierarchical design enables the robust supporting force against a surface of water

[23]. The microscopic scales found on butterfly wings are covered in a nanoscopic

mesh structure [24]. It was reported by Gao et al. that mosquito eyes are composed

of hexagonally close-packed nipples on the microscale covered with non-close-packed

ommatidia on the nanoscale, which allows for a robust superhydrophobicity that is

even impervious to mist and dew [25]. Water foul, such as pigeons [26] and ducks

[27], exhibit a branching two-tier roughness that is comprised of microscale barbs

and nanoscale barbules. Two-tier arrays of denticles or setae were observed on a

wide variety of flying insects [28, 29], termites [30], lacewings [31], and underwater

insects [32]. Clearly, nature knows something about the importance of hierarchical

surface roughness that we are only beginning to understand!

While synthetic hierarchical surfaces with robust superhydrophobicity have been

successfully fabricated in a variety of ways over the past decade [23, 33, 34, 35],

it is difficult to isolate the contributions made by the microscale compared to the

nanoscale surface roughness. Surprisingly, only a handful of studies have directly

compared the wettability of a hierarchical superhydrophobic surface to the control

cases of surfaces with equivalent microscale-only or nanoscale-only roughness. Cheng

et al. used thermal annealing to remove the nano-scale hairs from a lotus leaf and

found that the apparent contact angle of deposited drops was ≈ 20◦ lower on the

micro-scale only leaf compared to an untreated two-tier leaf [36]. Li et al. fabricated

micropillared surfaces with very moderate surface roughness (< 1.5), such that the

Cassie state was metastable, but found that adding silica nanoparticles to the pil-

lared surface made the Cassie state stable and dramatically lowered the contact

angle hysteresis [37]. Kwon et al. used deep silicon etching for micropillars and gas
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phase isotropic etching for nanoroughness; the apparent contact angle of deposited

drops was larger on the two-tiered surface compared to micro or nano-only, while

the hysteresis was smallest for the two-tier and largest for the nano-only [38]. In

an impressive fabrication effort by Koch et al., a hierarchical lotus replica was cre-

ated by molding wax into a silicon master for the microscale papillae and thermally

evaporated lotus wax self-assembled into tubules for the nanoscale roughness [39]. It

was found that deposited drops exhibited the largest apparent contact angle for the

two-tier surface (θ∗ = 171◦), was only slightly lower for the nanoscale-only surface

(θ∗ = 167◦), and the lowest for the microscale-only surface (θ∗ = 158◦). The contact

angle hysteresis was significantly smaller for the two-tier (θa−θr= 2◦) and nanoscale-

only (θa−θr= 6◦) surfaces compared to the micro-scale only surface (θa−θr= 29◦), a

notable difference from the surfaces used by [38] where the nanoscale had the largest

hysteresis.

Looking at these studies as a collective whole, it would seem that the roles of

microscale and nanoscale roughness largely depend on their surface geometry. What

is most interesting, however, is that in several studies the nanoscale-only surface

exhibited a superhydrophobicity almost exactly as robust as the corresponding hier-

archical surface [33, 39, 40], something a microscale-only surface has never accom-

plished. This begs the obvious question: if a nanoscale-only surface can be designed

to perform almost identically to a hierarchical surface, then why is the microscale

needed at all? See Chapters 3 and 4 for an in-depth study on hierarchical surface

roughness, where a unique benefit of two-tier roughness is reported that micro-scale

or nano-scale only surfaces cannot accomplish.

2.2 Superhydrophobic Condensation

For molecules in the liquid phase to evaporate into the vapor phase, thermal energy

is required to free the molecules from their cohesive attraction to the liquid bulk.
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After the molecules escape from the liquid, this energy is now released in the form of

latent heat; in the reverse case of vapor molecules condensing into liquid, the latent

heat is now delivered into the liquid. Water, which exhibits a very large latent heat

(hlv ≈ 2.5 MJ/kg at room temperature), is therefore a powerful phase-change heat

transfer tool. An abundant amount of heat can be carried away from an evaporating

surface and dumped into a condensing surface. This is the underlying principle

behind evaporators and condensers used for power plants, heat pipes, automobiles,

heating and air conditioning, and many other applications. Recently, it has been

discovered that adding surface roughness to a phase-change system can dramatically

improve its heat transfer performance, specifically in the form of a superhydrophilic

evaporator [41, 42, 43, 44, 45] or a superhydrophobic condenser [33, 46, 47, 48]. This

section will focus on superhydrophobic condensation and its potential usefulness for

heat transfer and anti-dew applications.

Currently, industrial condensers are composed of smooth and hydrophilic met-

als such as steel or aluminum, where condensation forms in a continuous film over

the surface [49]. This is known as filmwise condensation, and from a heat transfer

standpoint is highly undesirable because this sheet of liquid inhibits the transfer of

the condensing steam’s latent heat to the solid substrate. When a condensing sur-

face is smooth and hydrophobic, however, condensate can now form in a dropwise

manner where a portion of the surface remains exposed to the steam, reducing the

condenser’s thermal resistance. It was reported nearly a century ago that the heat

transfer coefficient of dropwise condensation is an order of magnitude larger than

filmwise condensation [50]. To enable effective and continuous dropwise condensa-

tion, however, condensate drops need to be continuously removed from the surface,

or else they will eventually grow so large as to approximate filmwise condensation.

Drop removal can be passively achieved using gravity and a vertical orientation, such

that condensate reaching the capillary length will slide down the surface. Interest-

21



ingly, by actively forcing dropwise condensate off the surface at sub-gravitational

length scales using vapor shear or centrifugal force techniques, it was found that

the heat transfer coefficient increased as the maximum drop size decreased [49]. The

powerful implication is that the heat transfer coefficient of dropwise condensation has

no definitive upper limit, as removing drops at smaller and smaller length scales will

continuously decrease the condenser’s thermal resistance. It would therefore seem

upon first glance that superhydrophobic surfaces, where drops exhibit minimal con-

tact angle hysteresis and can easily roll off the surface, would be ideal for promoting

the early removal of nucleating condensate for effective phase-change heat transfer.

Unfortunately, dew growing from within a roughened superhydrophobic surface

tends to form in the impaled Wenzel state (see Fig. 2.6a-b for an example), resulting

in heavily pinned drops that are difficult to remove even at gravitational length scales

[51]. Since the Wenzel state tends to be irreversible [52], this makes the continuous

removal of such drops extremely impractical if not impossible. While it is possible

on some superhydrophobic surfaces for condensate to grow into a Cassie state on a

superhydrophobic surface, this is rarely a uniform or well understood process. It was

observed by Narhe and Beysens [53] that condensate growing on top of a micropillared

surface can bridge together in the suspended Cassie state, but this intermediate state

was later ruined by subsequent coalescence events with neighboring drops impaled

in the Wenzel state. Top-down microscopy revealed that condensate drops on square

micropillars can form in a Partial Impalement state, where the drop is impaled

in some pillars while suspended over others [19, 20]. The microscale surfaces that

tended to produce Partial Impalement condensate used taller and more slender pillars

compared to the surfaces that exclusively produced dew in the Wenzel state, whether

this is due to the Cassie state becoming energetically stable or because it is easier for

drops to bridge together with this geometry remains to be well understood. A clever

experiment by Varanasi et al. [54] used hydrophobic micropillars with hydrophilic
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Figure 2.6: Condensation on a microscale-only (a-b) superhydrophobic surface
forms in the impaled Wenzel state; condensation on a nanoscale-only (c-d) superhy-
drophobic surface forms in a partially impaled Wenzel state; (e-f) a two-tier super-
hydrophobic surface can condense drops in a quasi-spherical Cassie state. Used with
permission from [33].

tips to enable the preferential nucleation and growth of condensate atop the pillars,

although the limited temporal window offered by the ESEM chamber prevented the

observation of what happens when condensate atop separate pillars begin to coalesce

together.

To date, no homogeneous surface with microscale-only features has enabled con-

densate to form primarily in the Cassie state, however promising results have been

obtained with nanoscale or two-tier roughness. Lao et al. [55] used ESEM imaging to

observe that condensate forms in the suspended Cassie state on a carbon nanotube

forest. A mosquito’s eyes, which are composed of hexagonally close-packed nipples

on the microscale covered with non-close-packed ommatidia on the nanoscale, were

reported to stay dry during condensation by Gao et al. [25], however a synthetic

analog fabricated from PDMS failed to reproduce the anti-dew capability. Although
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condensate on a two-tiered lotus leaf indeed tends to be sticky, it typically forms

with large, quasi-spherical apparent contact angles and sometimes even exhibits a

small hysteresis [51, 56]. It has been speculated that the non-uniform distribu-

tion of a lotus leaf’s microscale papillae are a possible cause of its vulnerability to

dew [25]; a synthetic two-tier surface with dimensions similar to a lotus but with

ordered micropillars and carbon nanotubes indeed exhibited superior water repel-

lency during condensation with quasi-spherical drops appearing to be in the Cassie

state (Fig. 2.6e-f) [33]. Chapters 4 and 5 study how to dynamically remove these

quasi-spherical condensate from a superhydrophobic condenser to achieve continuous

dropwise condensation for effective heat transfer.

Why nanoscale (and by extension, two-tier) roughness is the key to producing

condensate in the suspended Cassie state remains one of the most important un-

solved mysteries in the field of superhydrophobicity. Current imaging techniques,

such as ESEM and AFM imaging, are unable to probe the nanoscale beneath a

length scale of about 100 nm, and while SEM imaging can resolve the nanoscale it

requires a dry vacuum. It has been optically observed that with a two-tier surface,

dew initially forming inside of the microscale pillars or papillae tend to get “pushed”

up to the top of the surface as the drops becomes increasingly constrained during

growth [33, 57], but it remains to be understood if a similar mechanism exists on

the nanoscale. It has been suggested that small condensate may cause nanotubes to

bend, and that the resulting gradient in Laplace pressure could expel dew drops to

the top of the nanoscale [4], but the aforementioned limits in nanoscale imaging have

prevented experimental testing of this hypothesis. Recent advances in ESEM imag-

ing have revealed that condensate forming on nanotubes initially invade the texture

up to a critical size of ∼ 3µm, at which point a spherical droplet emerges from the

wetted spot of dimensions ∼ 5µm [47], but the mechanism remains unclear. Follow-

up experiments combining cutting-edge ESEM visualization with more controlled

24



and systematic surface roughness may reveal the mechanism behind the nanoscale’s

ability to repel dew from its cavities. It is also possible that the nanoscale surface

roughness, rather than continuously pushing dew out, never lets it inside at all, as

it is theoretically difficult for hydrogen bonds to invade the voids in nanomaterials

under a critical separation of 100 nm [25, 58], but this too remains to be experi-

mentally investigated and cannot be currently resolved by ESEM. A thermodynamic

analysis revealed that the interfacial free energy of a condensate drop reaches its

minimum value at the Wenzel state for a typical micropillared surface, but can con-

tinuously decrease toward the Cassie state on a two-tiered surface [59], which agrees

with experimental results but cannot explain the physical mechanism underlying the

expulsion of dew from the surface roughness. Condensate in the robust Cassie state

has been achieved with nanoscale-only surfaces [33, 47, 55], so another important

question is what benefits a two-tier surface can offer compared to a nanoscale-only

surface.

2.3 Thermal Diodes

The word diode is derived from the greek roots di, meaning “two,” and ode, meaning

“path.” A diode is a device that preferentially allows some type of current to readily

flow in one direction (called the forward mode) while preventing flow in the reverse

direction (reverse mode). There are several types of diodes, such as mechanical

diodes (for example a ball-check valve) and optical diodes, but by far the most

prevalent type is the modern electric diode, also known as a p-n junction. The entire

microelectronics industry was built from the asymmetric flow of electric current made

possible by electric diodes; everything from logic gates to transistors to LEDs were

enabled by diodes. If the flow of heat could be analogously rectified with a thermal

diode device (Fig. 2.7), the heat transfer industry could potentially be revolutionized

in much the same way as the electronics industry. The effectiveness of a thermal

25



ΔT 

Q 

Forward 

Reverse 

Figure 2.7: Graphical representation of the amount of heat (Q) that can pass
through a thermal diode as a function of the temperature gradient (∆T ). When one
side of the device is hotter, heat is easily transported through the device (forward
mode), whereas when the opposite side is hotter the device is more insulating to heat
flow (reverse mode).

diode, known as the diodicity, is defined by the ratio of the effective conductivity in

the foward mode compared to the effective conductivity in the reverse mode:

η ∼ kf − kr
kr

. (2.16)

To be practically useful for most engineering systems, a thermal diode should exhibit

a diodicity on the order of η ∼ 10 or greater [60]. Can current thermal diodes

accomplish this benchmark? Let’s review the mechanisms, strengths, and weaknesses

of existing types of thermal diodes:

2.3.1 Solid-State Thermal Diodes

Solid-state thermal diodes achieve asymmetric heat transfer without the use of liq-

uids or phase-change processes. As a result, they are relatively easy to construct,

durable, and can come in many shapes and sizes. Currently there are four distinct

mechanisms for achieving solid-state thermal rectification: exploiting an asymmetric

contact resistance between surfaces [61, 62], two-segment bars with temperature-
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dependent thermal conductivities [63, 64], nanotubes with mass density gradients

[65], and rectifying the propagation of phonons using asymmetric nanostructures

[66, 67, 68].

Perhaps the simplest type of solid-state thermal diode is a stack of thin disks,

all of the same material, where each disk has a smooth side and a roughened side

[61]. When the plates are stacked such that the rough side of each plate is in contact

with the smooth side of the next plate, it was found that the thermal contact resis-

tances were larger in one direction compared to the reverse direction. Surprisingly,

while heat flowed more readily from the smooth faces to the rough faces when using

stainless steel disks, the reverse was true when brass disks were employed. The most

likely explanation is that the oxide layer on the stainless steel disks was softer than

the underlying metal, while on the brass disks the oxide layer was actually harder

than the brass. When removing the oxide layer from the disks, the system’s diodicity

disappeared, and therefore this type of diode is not driven by geometry alone but

additionally by oxide layer effects (which interestingly may also exhibit an electrical

diodicity [60]). The maximum diodicity reported with the oxidized disks was approx-

imately η ≈ 0.5 [61], far short of the desired benchmark of η ≥ 10. An asymmetric

contact resistance driven by geometry alone was accomplished by joining two dissim-

ilar metals together that both have temperature dependent expansion coefficients,

such that better thermal contact is made when one material is heated relative to the

other material being heated [62]. But once again, a maximum diodicity of about

η ≈ 0.5 was reported [60, 62].

The thermal conductivity of certain materials, such as metals and dielectrics,

is a function of the material’s temperature. Therefore, when two bars whose ther-

mal conductivities are contrasting functions of temperature are joined together, the

effective conductivity across the two-segment bar can exhibit an asymmetry. The

downside to this approach is that to obtain any significant deviations in the effective
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conductivities of the materials, a very large temperature difference must be applied

across the two-segment bar. For example, when joining a quartz bar to a graphite

bar, a diodicity of η ≈ 0.7 was obtained with a temperature difference of 40 ◦C, but

the diodicity shrunk by an order of magnitude to η ≈ 0.06 when the temperature

difference was only 6 ◦C [63]. When using two different types of cobalt oxides, a

diodicity of η ≈ 0.4 was obtained with a temperature difference of 59 ◦C [64]. In a

recent analysis, it was doubted that the thermal rectification of a two-segment bar

could ever surpass η ≈ 0.1 for temperature differences smaller than 10 ◦C or η ≈ 5

for temperature differences smaller than 200 ◦C, regardless of the chosen materials

or geometry [69].

Shrinking down to the nanoscale, it was experimentally found that carbon and

boron nitride nanotubes exhibit thermal rectification when they were externally and

inhomogeneously mass-loaded with heavy molecules [65]. Due to a diminished ther-

mal resistance in the direction of decreasing mass density, a diodicity of η ≈ 0.07 was

reported using small temperature differences of only a few degrees. It was suggested

that the thermal rectification of the mass-loaded nanotubes was due to solitons, lo-

calized particle-like entities that are known to exist in nanotubes and can collide

asymmetrically in an inhomogeneous medium [70].

Finally, it has been theoretically demonstrated that nonlinear 1D atomic chains

are capable of asymmetric phonon propagation to achieve thermal rectification [66,

67, 68]. Since this mechanism has never been reduced to practice experimentally [69],

its usefulness for engineering applications cannot yet be considered. In conclusion,

while solid-state diodes come in a variety of form factors and are simple to operate,

their thermal diodicity is always on the order of η ∼ 1 or lower, too small for practical

applications where η ∼ 10 or larger is desired [60].

28



2.3.2 Thermosyphons

While solid-state thermal diodes cannot currently achieve large diodicities, devices

that asymmetrically exploit the latent heat of fluids undergoing phase-change are

capable of very large diodicities even when subjected to small temperature gradients.

The most simple example of a phase-change thermal diode is the thermosyphon: a

vertically oriented vessel containing liquid in its bottom (Fig. 2.8). When the bottom

of a thermosyphon is heated, evaporative water vapor rises by convective buoyancy

and condenses on the upper surface, dumping its latent heat through the top of the

container in the process. This liquid condensate then falls back down to the liquid

reservoir by gravity, thus enabling a continuous cycle of phase-change heat transfer

(Fig. 2.8a). In the reverse scenario where the top of the thermosyphon is hotter,

the liquid simply remains trapped in the bottom of the vessel by gravity and no

phase-change heat transfer can occur (Fig. 2.8b).

A thermosyphon can be nearly any shape or size, and therefore has already

been used for several different applications where thermal rectification is desirable.

Currently, the most prolific use of thermal diodes is the Trans-Alaskan Pipeline,

where over 100,000 thermosyphons were utilized in the vertical support columns

holding the pipeline above the permafrost [71]. This prevents the pipeline from

melting the permafrost, while conversely allowing the permafrost to dump its heat

into the ambient through the thermosyphon pillars.

It was found that a solar water heater/collector is at least 15% more efficient when

rigged with a thermosyphon to minimize heat losses to the ambient at nighttime [72].

This could potentially remove the current burden of having to construct extra piping

and insulation to separate the water collector tank from the solar water heater, since

the thermal diode serves to insulate the water in the same container in which it is

heated.

29



Water  
Vapor 

Water  
Reservoir 

Fa
lli

ng
 C

on
de

ns
at

e 

Ef
fe

ct
iv

e 
Ph

as
e-

ch
an

ge
 H

ea
t T

ra
ns

fe
r 

Water  
Reservoir 

In
ef

fe
ct

iv
e 

H
ea

t T
ra

ns
fe

r 

(a) (b) 

T− 

T− 

T+ 

T+ 

Figure 2.8: Schematic of a thermosyphon thermal diode, where a liquid is stored
in the bottom of a vertically oriented container. (a) In the forward mode, continuous
phase-change heat transfer is enabled by the buoyant rise of evaporative vapor, which
condenses at the top and returns back to the evaporator by gravity. (b) In the reverse
mode, all liquid is trapped on the bottom and cannot travel to the evaporator against
gravity, resulting in dry-out and poor heat transfer

Thermosyphons can also be used to preferentially heat and cool buildings depend-

ing on the season: a bi-directional thermal diode was designed where the direction of

preferential heat transfer is reversed by switching the tilt angle of an array of pipes

placed between wall panels [73]. Currently such designs achieve only a moderate

diodicity of η ≈ 5 [74], far lower than what phase-change devices can typically ac-

complish (as will be seen in the next section). This is perhaps the largest limitation

of thermosyphons: due to their dependence on a gravitational orientation, their use

between two vertical wall panels (where there is no potential energy between the two

planes of interest) requires a complex and inefficient array of slanted one-dimensional

pipes.
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2.3.3 Liquid-Trap Heat Pipes

A heat pipe is similar in concept to a thermosyphon, except that condensate returns

back to the evaporator not by gravity but by capillary force. The most common type

of heat pipe is a copper tube whose inner diameter is lined with a wick structure that

is saturated with a working fluid. When one end of the pipe is heated, the water

evaporates and condenses on the opposite end, dumping the latent heat through an

attached heat sink. The water then travels back to the heated end of the pipe by

capillarity across the wick, ensuring a continuous cycle of phase-change heat transfer.

A liquid-trap heat pipe simply places a reservoir on one end of the pipe that is not

connected to the wick structure (Fig. 2.9). When the reservoir-side is heated, phase-

change circulation occurs as with a traditional heat pipe, with excellent heat transfer

(Fig. 2.9a). When the opposite end is heated, however, the liquid condenses inside of

the trapping reservoir and cannot wick back to the evaporator, resulting in dry-out

and very poor heat transfer (Fig. 2.9b).

The significant advantage of a liquid-trap heat pipe is its very large diodicity

of η ∼ 100. In fact, diodicities of η ≈ 300 have been achievable for decades [75].

Because the liquid return mechanism is capillarity rather than gravity, liquid-trap

thermal diodes are used in outer space applications such as the Mars 96 Orbiter, part

of an ambitious Russian spacecraft that was designed to orbit Mars but ended up

falling back to Earth’s atmosphere after a failed fourth-stage burn (at least overheat-

ing was not to blame!). While the liquid-trap diode exhibits the best diodicity as

well as orientation independence, it is not without constraint. The trapping reservoir

mechanism only works for heat transfer along a tubular, one-dimensional configura-

tion. As a result, the liquid-trap heat pipe is ill-suited for planar applications such as

solar energy harvesting and the thermal management of buildings. While an array of

liquid-trap pipes can be built into a wall panel, as discussed in the previous section
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Figure 2.9: Schematic of a liquid-trap heat pipe thermal diode. (a) In the forward
mode, evaporative vapor travels to the cold end of the pipe, condenses to dump the
heat, and returns to the evaporator by capillary action across the wick structure. (b)
In the reverse mode, all of the vapor condenses in a trapping reservoir that is cut off
from the wick structure, resulting in dry-out and minimal heat transfer.

this reduces the diodicity by more than an order of magnitude from η ≈ 300 to η ≈ 5.

Therefore every current type of thermal diode exhibits a significant constraint: solid-

state diodes suffer from low diodicity, thermosyphons require an orientation favoring

gravity, and liquid-trap heat pipes are inherently one-dimensional and ill-suited for

three-dimensional applications.

To link thermal diodes back to surface wettability, what if a superhydrophobic

condenser could be used to passively eject condensate directly back to an opposing
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superhydrophilic evaporator? It was previously reported that a robust two-tier su-

perhydrophobic condenser spontaneously removed condensate from its surface [33],

perhaps this could be used as a fundamentally new type of transport for liquid con-

densate, avoiding the aforementioned constraints of using gravity and capillarity.

Before such a system could be attempted, however, much remains to be understood

concerning wetting states and dynamic dewetting transitions for condensate on two-

tier superhydrophobic surfaces. Therefore, the following research is an attempt to

navigate from dynamical superhydrophobicity to thermal diodes.
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3

Wetting Transitions on Superhydrophobic Surfaces

“And when they go in, there’s no coming out.”

−Gollum, Lord of the Rings

The content of this chapter was previously published as a journal manuscript

in [76], and reproduced here with minor modifications. This chapter experimen-

tally studies wetting transitions on two-tier superhydrophobic surfaces, identifying

an intermediate Partial Wenzel wetting state that will be exploited for dewetting

transitions in Chapters 4 and 5.

3.1 Introduction

Natural superhydrophobic surfaces, such as lotus leaves [21] and water strider legs

[23], are known for their ability to completely repel water. These superhydrophobic

surfaces are characterized by low-energy surface roughness, such that water drops

rest on top of the texture and trap air underneath, resulting in drops exhibiting large

apparent contact angles (& 150◦) and small contact angle hysteresis (. 10◦) [4]. Such
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highly mobile drops are in the Cassie–Baxter state [9], which is opposite to the Wenzel

state where drops penetrate into the surface cavities resulting in lower apparent

contact angles and larger hysteresis [7]. Interestingly, while Cassie drops have been

successfully obtained on engineered substrates composed of only micropillars [13,

77] or only nanopillars [55, 78], most known examples of natural superhydrophobic

surfaces exhibit a hierarchical roughness comprised of both microscale and nanoscale

features [21, 79].

To better understand the importance of hierarchical roughness, it is useful to con-

sider the fragility of the superhydrophobic Cassie state. For example, it was observed

that Cassie drops can permanently collapse into impaled Wenzel drops when expe-

riencing external pressure [13, 16], evaporation to a higher Laplace pressure [52, 80],

impact against the surface [81], or mechanical vibration [82]. Furthermore, dew

drops condensing within a superhydrophobic surface were found to naturally form in

a Wenzel or mixed Wenzel-Cassie state [16, 19, 20, 83]. It has been shown that hier-

archical surfaces, when compared to corresponding surfaces with only microscale or

only nanoscale roughness, exhibit superior superhydrophobicity for deposited drops

[39, 40], evaporating drops [40, 84], and condensed drops [33]. Although the mech-

anism is not entirely clear, the Cassie state is known to become more robust (i.e.

energetically stable) with two-tier roughness, therefore increasing resistance against

impalement to the undesirable Wenzel state [11, 85, 86, 87].

In this chapter, the wetting transitions of drops on synthetic one-tier and two-

tier superhydrophobic surfaces with controlled surface roughness are studied to better

understand the importance of hierarchical roughness. The existence of a two-stage

wetting transition on the two-tier surface is reported, and the intermediate case

of wetting only one level of roughness is demonstrated. Compared to other wetting

studies of hierarchical structures, my approach is unique in the use of a liquid mixture

with wetting properties that are continuously tunable by its composition, which
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Table 3.1: Parameters of the microscale roughness, nanoscale roughness, and hier-
archical two-tier roughness. Physical dimensions of pillars: width w (cross-section
approximated as square), center-to-center separation s, and height h. Structural
properties: solid fraction f and surface roughness r, which determine a critical con-
tact angle θc. When the intrinsic contact angle θY is larger than θc, the Cassie state
is energetically stable.

Structure w (µm) s (µm) h (µm) f r θY θc

Microscale 3.7 12.0 8.0 0.095 1.8 109◦ 122◦

Nanoscale 0.06 0.12 0.4 0.25 7.7 109◦ 96◦

Hierarchical − − − 0.024 14 109◦ 94◦

clearly reveals the two distinct wetting stages associated with each tier of surface

roughness.

3.2 Materials and Methods

A two-tier surface composed of dry-etched silicon micropillars and vertically-deposited

carbon nanotubes was prepared in the same manner as structure Bmn from [33] (see

inset in Fig. 3.5a), similar in geometry to a lotus leaf but with a highly ordered

roughness (Table 3.1). To serve as control cases, one-tier surfaces composed of only

micropillars (Fig. 3.2a inset) or only nanotubes (Fig. 3.3a inset) were also fabricated,

and were geometrically equivalent to their two-tier counterparts to within 10%. Note

that the carbon nanotubes capped with catalyst were effectively nanofibers. All

surfaces reported here were coated with a 10 nm layer of gold, and then with a

monolayer of a hydrophobic alkylthiol (1-hexadecanethiol, Fluka 52270) to render

superhydrophobic. The pillar geometries and structural properties of the surfaces

are summarized in .

On a smooth silicon wafer treated with the same process, the Young’s contact

angle of the alkylthiol coating was measured as a function of ethanol concentration

(Fig. 3.1). Knowing the Young’s contact angle at each ethanol concentration will

later assist in the analysis of the apparent contact angles that will be measured on
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Figure 3.1: The Young’s contact angle (θY ) on a smooth surface as a function of
the ethanol concentration by volume. The corresponding surface tension is plotted
from [88].

the synthetic structures having an identical surface coating. Each deposited drop was

2.5 µL in volume, and the ethanol concentration was varied from 0% to 100% with

5.0% intervals. Imaging was performed with a Cooke Pixelfly QE camera attached

to an Infinity K2/S long-distance microscope, and the contact angles were measured

using the ImageJ software package. The Young’s contact angle of three different

drops were measured for each ethanol concentration, and the uncertainty in Fig. 3.1

was reported at the 95% confidence level. The corresponding decrease in the liquid-

vapor surface tension was taken from the literature [88].

To study the wetting states of the one-tier and two-tier surfaces, the apparent

contact angle of deposited drops was measured as a function of ethanol concentration.

Rather than continuously raising the ethanol concentration of a single drop, which

is difficult to accomplish, a series of drops were separately deposited with successive

increments of 2.5% ethanol concentration by volume, until the surface was completely

wetted. The droplet volume was typically 2.5 µL to minimize gravitational effects,
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and each drop was photographed within the first 10 s of deposition to minimize the

effects of solvent evaporation. For very small contact angles, the volume of the drop

was reduced down to 1 µL to ensure imaging of the entire drop. Between 1 µL and

2.5 µL, the drop volume had negligible effect on the contact angle measurement.

For the two-tier surface, contact angle hysteresis was additionally measured with

successive increments of 5.0% ethanol. To measure the contact angle hysteresis, a

drop deposited on a smooth hydrophilic glass substrate was inverted and brought

into contact with the rough substrate. While the two substrates were held parallel,

the glass substrate was laterally displaced until the drop started to slide on the rough

surface, at which point the advancing and receding contact angles were recorded [16].

Because of the uncertainties associated with the preferential ethanol evaporation,

2.5% increments in ethanol concentration was about the minimum interval that was

still meaningful given the experimental uncertainties. For measurements of contact

angle hysteresis, longer evaporation time (up to 30 s) was needed before accurate

measurements could be taken, therefore a 5% increment was chosen. Five indepen-

dent measurements were performed for each contact angle, and three for each contact

angle hysteresis. All uncertainties were reported at the 95% confidence interval.

Nelumbo Nucifera lotus leaves, fresh from the stem to within one day, were also

used to study the wetting transitions of a natural hierarchical superhydrophobic sur-

face. Note that 5.0% increments in ethanol concentration were used for the natural

lotus leaf, as smaller increments were meaningless due to the highly disordered ge-

ometry of the surface roughness. Only two trials were taken with the lotus, rather

than five.

3.3 Results

The wetting states on rough surfaces were studied as a function of the wettability of

the aqueous working fluid, which was tuned by ethanol with different mixing ratios.
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To facilitate interpretation of the two-stage wetting process on the synthetic two-tier

surface, one-tier surfaces corresponding to either the micro-tier or the nano-tier were

studied first.

3.3.1 One-tier Surfaces

On simple one-tier surfaces, aqueous drops with increasing ethanol concentration

were deposited and their contact angles were measured immediately upon deposi-

tion. As the ethanol concentration increased, the apparent contact angle on the mi-

cropillared surface exhibited a sudden decrease at 11.25± 1.25% ethanol (Fig. 3.2a),

whereas the sudden change on the nanopillared surface occurred later at 17.5±2.5%

(Fig. 3.3a). To better show different wetting states, Figs. 3.2-3.3a were transformed

into cosine-cosine plots in Figs. 3.2-3.3b, where the x-axis represents the cosine of the

Young’s contact angle on the smooth surface (see Fig. 3.1) and the y-axis represents

the cosine of the apparent contact angle on the roughened surface.

In the Cassie state, the apparent contact angle (θ∗) of drops completely suspended

on one-tier surfaces is given by the Cassie-Baxter equation[9]:

cos θ∗ = φ (cos θY + 1)− 1, (3.1)

where θY is the Young’s contact angle on a corresponding smooth surface and φ

represents the solid fraction [4]. In the Wenzel state, the apparent contact angle of

drops fully penetrated into one-tier surfaces is given by the Wenzel equation [7]:

cos θ∗ = r cos θY , (3.2)

where r represents the surface roughness parameter [4]. For liquids with extremely

high wettability, the Impregnation state is possible and the superhydrophilic state

follows [12]:

cos θ∗ = φ (cos θY − 1) + 1. (3.3)
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Figure 3.2: (a) Apparent contact angles of drops deposited on the micropillared
surface, as a function of the ethanol concentration. A sharp wetting transition from
the Cassie to Wenzel state occurred at 11.25± 1.25% ethanol. (b) The same data
replotted on a cosine-cosine map. Theoretical lines of the three wetting regimes
(Eqs. 3.1−3.3) are solid when energetically stable, and are dotted when metastable.

In this superhydrophilic state, the cavities beneath and surrounding the drop are

both fully wetted [4].

In Figs. 3.2-3.3b, the experimental data were compared with Eqs. (3.1−3.3). The

geometrical parameters were calculated from geometrical measurements reported in

[33], except for the nanoscale solid fraction (φn).

For the nano-tier-only surface, the height variation of the nanotubes was signifi-
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Figure 3.3: (a) Apparent contact angles of drops deposited on the nanopillared
surface, as a function of the ethanol concentration. The Cassie and Wenzel states
are separated by a brief wetting transition around 17.5± 2.5% ethanol. (b) The
same data replotted on a cosine-cosine map, overlaid with theoretical lines of the
three wetting regimes (Eqs. 3.1−3.3). Due to the ambiguity in measuring the solid
fraction (φn) for nanotubes of nonuniform height, the effective solid fraction was
extrapolated from a linear fit to the data in the Cassie regime.

cant (up to 1/4 of the average height); in addition, the caps of the nanotubes were

not exactly flat. Therefore, the nominal solid fraction of 25% based on the projected

surface area [33] was an overestimate of the actual fraction of solid in contact with

the suspended drop. In lack of an accurate experimental measurement, we chose to

fit the experimental data that apparently fell onto the Cassie regime, i.e. the contact
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angles in the third-quadrant that followed Eq. 3.1 (Fig. 3.3b). This fitting procedure

yielded an effective solid fraction of φn = 0.058, which was used for all subsequent

calculations involving the nanoscale solid fraction, including the two-tier surface.

Note that the nano-tier solid fraction (φn) was the only geometrical parameter

not directly measured. For the micro-tier-only surface, no fitting parameter was used

but the experimental data perfectly fell onto the (metastable) Cassie state using the

experimentally measured solid fraction (φm). The surface roughnesses (rm and rn)

were less susceptible to inhomogeneity of the micropillars or nanopillars, and were

taken from previous measurements [33].

On one-tier surfaces, the experiments agreed well with the models for the su-

perhydrophobic Cassie and superhydrophilic Impregnation states. The stable Cassie

state in Fig. 3.3b and metastable Cassie state in Fig. 3.2b both agreed with Eq. 3.1.

The Impregnation regime was well predicted by Eq. 3.3 and was corroborated by

an optically visible impregnation film surrounding the deposited drop, particularly

apparent for the micro-tier surface. For both the micro-tier and nano-tier surfaces,

drops in between the Cassie state and the Impregnation state exhibited an apparent

angle bound by predictions from the metastable Cassie state (Eq. 3.1) and the Wen-

zel state (Eq. 3.2). This intermediate regime was fundamentally different from the

Cassie state because of a dramatically larger contact angle hysteresis, and from the

Impregnation state because of the lack of visible pre-wetted cavities surrounding the

drop.

We shall call the intermediate regime a Partial Impalement state, regardless of

the microscopic configuration leading to the intermediate state. At least two config-

urations are plausible for the intermediate regime: (i) The drop wets the roughened

surface inhomogeneously with some intermingled Wenzel and Cassie regions; (ii) The

drop partially but homogeneously “wets” the roughened surface, where the top por-

tion of the cavity is “filled” by liquid but the bottom remains dry. If there were
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surface impurities (such as dust particles), case (i) was observable under optical mi-

croscope; otherwise, neither case (i) nor (ii) could be unambiguously discerned by

optical imaging. In keeping with the terminology of partial impalement, the Full Im-

palement state can be either a Wenzel or an Impregnation state. Macroscopically, it

suffices to note that any impalement of the roughness, partial or full, leads to a lower

apparent contact angle and a dramatically larger contact angle hysteresis compared

to the non-impaled Cassie state.

It is important to note that, for one-tier roughnesses, the micro-tier surface was

more susceptible to impalement than the nano-tier surface, evident by the earlier

transition from the Cassie state to the Partial Impalement state as the liquid wet-

tability was increased. According to our model, the Cassie state was energetically

stable on the nano-tier surface while metastable on the micro-tier.

3.3.2 Two-tier Surface

A variety of wetting states are possible on the two-tier surface, some illustrated in

Fig. 3.4. In this paper, the Partial Wenzel state refers exclusively to a wetting state

where one of the two tiers is fully wetted, while the other tier remains completely

dry (i.e. one-tier Wenzel, one-tier Cassie). In the Partial Wenzel regime, the wetting

state was homogeneous within each tier as sketched in Fig. 3.4. In our terminology,

the Partial Wenzel state is a special sub-class of the Partial Impalement state defined

above.

On the two-tier surface, drops were again deposited with increasing ethanol con-

centration. Drops with ethanol concentrations up to 20% possessed apparent contact

angles greater than 160◦ (Fig. 3.5) and minimal contact angle hysteresis (Fig. 3.6),

indicating a Full Cassie state atop both tiers of roughness. Importantly, drops in this

regime experienced only a very weak decrease in apparent contact angle or increase

in hysteresis as the ethanol concentration was increased, indicating no fundamental
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Full Cassie Partial Wenzel Full Wenzel Impregnation 

Figure 3.4: Wetting states (non-exhaustive) on a two-tier surface. In the Full Cassie
state, there is no liquid impalement into any cavity. In the Partial Impalement state,
liquid impalement takes place but not all cavities are completely filled; a special case
of the Partial Impalement regime, the Partial Wenzel state exclusively refers to the
“micro-tier Wenzel, nano-tier Cassie” state in this paper. In the Full Impalement
state, all the cavities are completely filled with liquid; Both the Full Wenzel and
Impregnation states belong to the Full Impalement regime, the latter signified by an
impregnated liquid film surrounding the drop. Schematics are not to scale.

change in the Full Cassie state of the drops. As the ethanol concentration increased

beyond the Full Cassie regime, the apparent contact angle sharply decreased at two

distinct critical concentrations (Fig. 3.5), each indicating a wetting transition.

At the first critical ethanol concentration of 22.5± 2.5% (Fig. 3.5), the apparent

contact angle suddenly decreased despite the very slight change of 2.5% in ethanol

concentration. Drops in the middle regime, ranging from 25−30% ethanol, exhibited

lower contact angles of around 140◦ (Fig. 3.5) and a dramatically larger contact angle

hysteresis (Fig. 3.6). While the large hysteresis and sudden change in contact angle

indicated a wetting (impalement) transition, the apparent contact angle was still well

above the Young’s contact angle (which was already below 90◦), suggesting that some

cavities were still dry underneath the drop. Therefore, drops in this middle regime

seemed to be partially impaling the two-tier roughness. We shall show evidence

below that this Partial Impalement state is in fact a Partial Wenzel state.
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Figure 3.5: (a) Apparent contact angles of drops deposited on the two-tier sur-
face, as a function of the ethanol concentration. Three different wetting states are
evident from the sharp wetting transitions at 22.5± 2.5% and 32.5± 2.5%, and are
denoted as the Full Cassie, Partial Wenzel, and Impregnation regimes. (b) The
same data replotted on a cosine-cosine map. Theoretical lines of the wetting regimes
Eqs. (3.4−3.7) are solid when energetically stable, and are dotted when metastable.

After a second critical concentration of 32.5± 2.5% (Fig. 3.5), the apparent con-

tact angle plummeted to hydrophilic values close to zero, indicating that the drops

were now fulled impaled. The visible liquid film surrounding the drop further sug-

gested an Impregnation state.

The two-stage wetting transition can be explained using the Wenzel and Cassie
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Figure 3.6: Contact angle hysteresis of the two-tier surface, as a function of the
ethanol concentration. Drops in the full Cassie regime exhibit very small contact
angle hysteresis, while the hysteresis in the Partial Wenzel regime becomes too large
to accurately measure.

models, which are modified to account for the two-tier roughness [40]. For the two-

tier chip used here, the side walls of the micropillars were approximately smooth

with nearly no coating of the nanoscale roughness [33]. In this case, the apparent

contact angle of drops in the Full Cassie state can be estimated by modifying the

Cassie equation:

cos θ∗ = φmφn (cos θY + 1)− 1, (3.4)

where θY is the Young’s contact angle on a corresponding smooth surface and φm

and φn represent the solid fractions of the microscale and nanoscale roughness, re-

spectively.

Similarly, the apparent contact angle of Partial Wenzel drops wetting only the

micro-tier can be determined by modifying the Wenzel equation:

cos θ∗ = (rm + φn − 1) cos θY + φn − 1, (3.5)

where rm represents the roughness of the micro-tier only. In the Partial Wen-
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zel relationship, the apparent contact angle (cos θ∗) is a weighted average between

the Young’s contact angle (cos θY ) and the contact angle between liquid and air

(cos 180◦); the first weighing factor (rm+φn−1) accounts for the liquid-solid contact

on the wetted micropillar sidewalls (rm−1) and on top of the nanopillars (φn), while

the second (1−φn) accounts for the liquid-air contact. Note again that the sidewalls

of the micropillars are not covered with nanopillars.

The Full Wenzel state with both tiers wetted is given by:

cos θ∗ = (rm + rn − 1) cos θY , (3.6)

where rn represents the roughness of the nano-tier only. The Impregnation state has

an impregnated liquid film surrounding the drop which fully impales both tiers, thus

cos θ∗ = φmφn (cos θY − 1) + 1. (3.7)

In the Impregnation equation, the surrounding film is assumed to have completely

wetted both tiers of roughness.

As with the one-tier surfaces, Fig. 3.5a was transformed into a cosine-cosine plot

(Fig. 3.5b). The Full Cassie and Partial Wenzel regimes extend far into the lower-

right quadrant, which represents the metastable condition of a hydrophilic Young’s

contact angle leading to a hydrophobic apparent contact angle. The solid lines sig-

nify the stable theoretical values of the Full Cassie, Partial Wenzel, Full Wenzel,

and Impregnation regimes respectively, using Eqs. (3.4−3.7), while the dotted lines

show the metastable theoretical values. The measured Full Cassie state agrees with

the theoretical stable and metastable Full Cassie equation (Eq. 3.4). The measured

Partial Wenzel state agrees very well with the theoretical metastable state of the

micro-tier-only impalement (Eq. 3.5). Finally, the fully impaled drops are well mod-

eled by the Impregnation state (Eq. 3.7). Note that the second wetting transition

occurs so quickly as to bypass the Full Wenzel regime (Fig. 3.5b).
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(a) 

(b) 

(c) 

100 µm 

Figure 3.7: Side-view imaging of 2.5 µL drops on the two-tier surface, where the
center-to-center separation of the visible micropillars is 12 µm. (a) 20% ethanol drop
in the Full Cassie state, visibly resting atop the micropillars; (b) 25% ethanol drop
in the Partial Wenzel state, wetting the microscale roughness; (c) 35% ethanol drop
in the Impregnation state, still wetting the microscale but additionally wetting the
nanoscale, as inferred from the sudden decrease in the apparent contact angle. The
same lighting and exposure time were used for all three images. The Full Cassie
image is significantly brighter because of the reflection at the air/water interface on
top of the microscale cavities. Micropillars directly underneath the drops appear to
be somewhat slanted due to the refraction of light through the drop.

The good agreement between the models and experiments suggests a two-stage

wetting mechanism, which is consistent with the observation in Section 3.1 that the

micro-tier roughness is more susceptible to wetting than the nano-tier. As further

evidence, side-view optical imaging in Fig. 3.7 also suggested that the micro-tier

roughness was impaled at the first critical concentration, and the nano-tier rough-

ness was later invaded at the second wetting transition. Comparing a 20% Full

48



Cassie drop (Fig. 3.7a) to a 25% Partial Wenzel drop (Fig. 3.7b), the bottom of the

Full Cassie drop was clearly resting atop the micropillars, while the Partial Wenzel

drop had penetrated the micropillars. Although the nano-tier roughness was not

optically resolvable, its impalement at 35% ethanol concentration could be deduced

by comparing Figs. 3.7b and 3.7c: images of the microscale pillars were compara-

ble, but the dramatic decrease in apparent contact angle in Fig. 3.7c suggested that

the nanopillars were additionally wetted. Unless there were surface impurities, in-

homogeneous wetting with intermingled Wenzel and Cassie states was not observed

on the visible micropillars. The sharpness of both wetting transitions suggests that

first the micro-tier and then the nano-tier were fully and uniformly impaled, with

homogenous wetting within each tier.

The Partial Wenzel drops reported here have large contact angle but high adhe-

sion, a property combination also observed for water drops on rose petals [89, 90].

The possibility of preferentially wetting one of the two tiers was recently reported

[40, 91], but due to the randomness of the nanoscale roughness and the sparsity of

data points, a distinct two-stage wetting transition was not demonstrated.

It should be noted that because the Partial Wenzel, Full Wenzel, and Impreg-

nation states all exhibit a pinned triple contact line (cf. Fig. 3.6), more traditional

wetting experiments such as measuring the contact diameter of an evaporating drop

over time [52, 80] can only convey the first wetting transition. Even when two-tier

surfaces are employed, all that would be evident from the evaporation experiment is

the wetting of the first tier of roughness when the contact line suddenly pins [84].

Once a drop is pinned, evaporation will decrease its contact angle to zero regardless

of any subsequent impalement into additional levels of roughness.
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3.3.3 Natural Lotus Leaf

Live nelumbo nucifera lotus leaves, fresh from the stem to within one day, were also

used as a natural example of a hierarchical superhydrophobic surface. Although the

wax coating on lotus leaves slowly dissolves in pure ethanol, a millimetric aqueous

drop with up to 66% ethanol has negligible effects on the lotus leaf, as long as the

majority of the ethanol evaporates in a few minutes, which is the case here.
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Figure 3.8: Apparent contact angles of drops deposited on a lotus leaf, as a function
of the ethanol concentration of the drop. Due to the disordered surface roughness,
the wetting transitions are not as distinct as with the synthetic surface used in Fig. 2.
Only two sets of measurements were performed. The two gray bands represent the
critical concentrations for wetting transitions: the Full Cassie and Partial Wenzel
states were differentiated by the sudden increase in contact angle hysteresis, while
the Partial Wenzel and Full Wenzel states were differentiated by the possibility of
vibration-induced dewetting.

Due to the inherent inhomogeneity of natural surfaces, the apparent contact angle

did not exhibit a very distinct two-stage transition (cf. Fig. 3.5). By measuring

contact angle hysteresis (cf. Fig. 3.6), the wetting transition from Full Cassie to

Partial Wenzel state was determined to be at roughly 30% ethanol concentration.
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Aided by the dewetting experiments (Chapter 4), the transition from Partial Wenzel

to Full Wenzel state was found to be at roughly 50%. The energetics of the wetting

states could not be quantitatively studied because of the difficulty in measuring the

Young’s contact angle for lotus leaves.

3.4 Conclusion

In conclusion, two distinct wetting transitions are observed on a superhydrophobic

surface with ordered two-tier roughness. For aqueous drops with increasing wettabil-

ity (by increasing the ethanol concentration), the first transition from the Full Cassie

to Partial Wenzel state occurs when the micro-tier roughness is wetted, and the sec-

ond transition from the Partial Wenzel to the Full Impalement state occurs when

the nano-tier is additionally wetted. While it remains a challenge to unambiguously

image or probe a drop’s wetting state within nanoscale cavities, it was demonstrated

how these three different wetting states can be experimentally deduced by measuring

the apparent contact angle and contact angle hysteresis in conjunction with side-view

optical imaging.

From experimental observations, the three wetting regimes can be characterized:

(i) Full Cassie state with a close-to-180◦ apparent contact angle and a nearly zero

hysteresis; (ii) Partial Impalement state with a dramatic increase in contact angle

hysteresis (Fig. 3.6); (iii) Full Impalement state with a close-to-0◦ apparent contact

angle (Fig. 3.7c). The Full Implement regime can be further divided into the Full

Wenzel and Impregnation states, the latter is signified by an impregnated liquid

film that is usually visible. The Partial Impalement state encompasses many pos-

sible wetting configurations, but the details can only be inferred from experimental

measurements.

The inference of the Partial Wenzel (i.e. micro-tier Wenzel, nano-tier Cassie)

state is pivotal to interpreting both wetting and dewetting experiments on the two-

51



tier surface. The Partial Wenzel state is supported by the two distinct and sharp

transitions in the apparent contact angle (Fig. 3.5a). The first transition is further

attributed to micro-tier wetting because side-view imaging indicated homogeneous

impalement of the micro-tier at the first critical ethanol concentration (Fig. 3.7).

This attribution is consistent with the fact that the micro-tier-only surface (Fig. 3.2)

was more susceptible to wetting compared to its nano-tier counterpart (Fig 3.3). In

addition, the Partial Wenzel model (Eq. 3.5) quantitatively predicts the apparent

contact angle measured in this intermediate regime (Fig. 3.5b).

Interestingly, the Full Impalement state did not occur on the hierarchical surface

until an ethanol concentration of 32.5%, compared to only 11.25% and 17.5% for the

micro-tier-only and nano-tier-only surfaces, respectively. This would suggest that

compared to one-tier superhydrophobic structures, a two-tier hierarchical surface

is better equipped to prevent drops from fully impaling into the surface structure,

with the intermediate Partial Wenzel state acting as a buffer of sorts not possible

with a one-tier geometry. It will be seen in the next chapter that the intermediate

Partial Wenzel state not only delays Full Impalement, but also allows for a reversible

dewetting transition to the Full Cassie state.
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4

Dewetting Transitions on Superhydrophobic
Surfaces

“Shake it out, shake it out!”

−Florence and The Machine

The content of this chapter was previously published as a journal manuscript in

[92], and reproduced here with minor modifications. This chapter experimentally

and theoretically studies the dewetting transition of Partial Wenzel drops and con-

densate on two-tier superhydrophobic surfaces via mechanical vibration, of interest

for enabling anti-dew superhydrophobicity.

4.1 Introduction

Resisting wetting transitions is certainly a key feature of robust superhydrophobicity,

but an equally important yet often ignored criterion is the ability to enable dewetting

transitions, particularly for dew drops. The initial size of water vapor nucleating into

liquid condensate is typically on the order of 1 nm [93], significantly smaller than the
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roughness features of superhydrophobic surfaces. Therefore, for a superhydrophobic

surface with a temperature beneath the dew point, condensate is able to nucleate

everywhere, including the bottom and side walls of the surface roughness. The unfor-

tunate result, reported by Lafuma and Quéré [16], is that the majority of condensate

tends to grow from within the texture in the impaled Wenzel state, resulting in lower

apparent contact angles and significantly larger contact angle hysteresis compared to

deposited drops in the Cassie state. It was demonstrated by Narhe and Beysens that

condensate ended up in the Wenzel state regardless of whether the geometry of the

surface roughness was anisotropic grooves [83], spiked micropillars [94], or square

micropillars [53]. Making matters worse, it was found by Cheng et al. that con-

densation on two-tier lotus leaves is sticky with a high degree of hysteresis [51, 56],

even though lotus are well-known for promoting a robust and energetically favorable

Cassie state for deposited drops. Furthermore, it was observed that drops deposited

on top of a condensing superhydrophobic surface also tended to become sticky due

to their coalescence with the impaled condensate [19, 51, 95].

Even on robust two-tier superhydrophobic surfaces such as the lotus leaf and syn-

thetic chip used in the previous chapter, condensate drops become partially impaled

in the surface texture. To achieve anti-dew superhydrophobicity, a mechanism is

therefore required to transition dew from an impaled state to the Cassie state, but

this is notoriously difficult to achieve [96]. The challenge in achieving a Wenzel to

Cassie transition lies in the energy barrier associated with the transition [18, 97].

Previous reports of Wenzel to Cassie transition fall into two categories: coalescence

of condensate drops in the process of condensation [20], and vaporization at the liq-

uid/solid interface induced by an intense electric pulse [98]. The transition during

condensation results from a small Wenzel drop being absorbed by a larger mixed

Wenzel/Cassie drop, however, the merged drop still resides in the mixed state with

a large hysteresis [20]. The transition by impulse heating leads to a complete Cassie
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drop [98], however, the vaporization method is not suitable for many practical appli-

cations such as self-cleaning surfaces [99], anti-biofoul materials [100] and dropwise

condensers [33].

Water-repellent plants naturally exhibit anti-dew superhydrophobicity. A lotus

leaf is known to be superhydrophobic owing to its two-tier surface roughness with

nanoscale hairs on microscale bumps [21], which gives rise to rolling drops in the

stable Cassie state. However, while the lotus leaf is superhydrophobic after repeated

condensation processes in nature, it becomes sticky to condensate drops after con-

densation on a fixed cold plate in the laboratory [51, 56]. We hypothesize that lotus

leaves use mechanical energy constantly supplied by the natural environment (e.g.

wind-induced vibration) to overcome the energy barrier for Wenzel to Cassie tran-

sition, a barrier related to the separation of the liquid/solid interface in the Wenzel

state into liquid/air and air/solid interfaces in the Cassie state. This hypothesis is

supported by the experiments reported here in which a sticky lotus leaf on a fixed cold

plate becomes non-sticking on a vibrating plate. Although vibration has been used to

overcome the energy barrier associated with contact angle hysteresis [101, 102], the

energy barrier for Wenzel to Cassie transition is fundamentally different and exists

even if there is no contact angle hysteresis [18, 97]. We also show that the dewetting

transition from the Wenzel to Cassie state is possible when only the micro-tier is

wetted on the two-tier surface, but not possible when both tiers are impaled or when

a one-tier surface is impaled.

4.2 Materials and Methods

The same synthetic one-tier and two-tier samples (Table 3.1) and natural lotus leaf

from Chapter 3 were used as the superhydrophobic substrates. When a millimetric

water drop was deposited on either surface, the drop consistently rolled off indicat-

ing a stable Full Cassie state. Two methods detailed below were used to introduce
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a Partial Wenzel drop on the two-tier surfaces: one exploited the differential evapo-

ration rate of ethanol and water, and the other used water condensate directly. No

appreciable differences were observed between these methods, although the former

offers more precise control of individual drops and the latter better approximates

natural condensation processes. To serve as a control case, Full Wenzel drops were

also tested on both the one-tier and two-tier surfaces using the ethanol concentration

method.

The dewetting transitions were studied with mechanical vibration. The super-

hydrophobic substrates were fixed to a horizontal flat plate attached to a vertically

vibrating speaker cone (KLH Audio B-Pro6). The experimental setup is shown in

Fig. 4.1a. A Wenzel drop rested on a superhydrophobic surface, which was fixed to

a horizontal flat plate attached to a speaker cone (KLH Audio B-Pro6). The sticky

Wenzel state was verified by temporarily tilting the leaf 90 degrees. The speaker

was vertically driven by a sinusoidal current, and the displacement was measured by

a position sensing detector (Newport OBP-A-4L). The laboratory temperature was

21 ◦C and the relative humidity 51%, corresponding to a dew point of 10.5 ◦C. When

used for condensation experiments, the cold plate was chilled to 5.0 ◦C by a circu-

lating cold bath. Video images were captured by a Phantom v7.1 camera attached

to an Infinity K2 microscope.

When using the ethanol concentration method to impale Wenzel drops into the

surface, the drops were allowed to evaporate for a predetermined time before being

subjected to mechanical vibration. Such drops were allowed to evaporate until they

followed the d2-law [103], i.e. the diameter squared decreased linearly with time.

The observance of the d2-law indicated that the evaporated drop was dominated by

a single component, in this case water which evaporates about 5 times slower than

ethanol. See Appendix A for more details. Using this approach, a water-ethanol

drop can (partially or fully, depending on the concentration) impale the two-tier

56



surface when initially deposited; upon preferential evaporation of the ethanol, the

predominantly water drop can undergo vibration-induced dewetting to the Cassie

state, which is energetically favorable for pure water. When using condensate drops,

however, vibration could be initiated at any time as the Wenzel drops were already

pure water.

4.3 Results

4.3.1 One-tier Surfaces

For the micro-tier only surface, a 1.5 µL Cassie drop composed of 7.5% ethanol was

easily removed from the surface upon vibration at 100 Hz and 0.12 mm peak-to-peak

amplitude (Fig. 4.2a). In contrast, a 2 µL Partially Impaled drop consisting of 12.5%

ethanol could not be transitioned to the Cassie state, even at a much larger peak-to-

peak amplitude of 0.66 mm, regardless of the duration of evaporation for the mixed

drop to preferentially drive out ethanol prior to vibration (Fig. 4.2b).

Similar phenomena were observed for the nano-tier surface; a 1.5 µL ethanol drop

composed of 12.5% ethanol was still in the Cassie state and could be immediately

Speaker Cone

Cold Plate
Lotus Leaf

(a)

a

R

θ
∆L

(b)

(c) (e)(d)
…

(f)

Figure 4.1: (a) Experimental setup where the cold plate was used only for con-
densation experiments; (b) Parameters of the drop used in the model; (c-f) A hypo-
thetical route for the gradual dewetting during a Wenzel to Cassie transition. Once
dewetted, the water drop in (f) bounces on the lotus leaf, and lands in the Cassie
state when its kinetic energy dissipates. Schematics not to scale.
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14.2 14.4 14.6 14.8 15.0 ms 

(a) 0 6.2 10.6 13.0 13.8 ms 

(b) 0 18.0 30.0 364.0 934.0 ms 

1 mm 

Figure 4.2: (a) Vibration-induced removal of a Cassie drop on the micro-tier sur-
face. The Cassie drop was 1.5 µL with 7.5% ethanol, and was immediately removed
from the surface using a vibrational frequency of 100 Hz and a peak-to-peak am-
plitude of 0.12 mm. (b) For a Partially Impaled drop initially composed of 12.5%
ethanol and allowed to evaporate for five minutes, the drop was irreversibly impaled
even with a larger peak-to-peak amplitude of 0.66 mm. The initiation of the vibration
is time stamped zero.

removed upon vibration at 100 Hz and 0.19 mm peak-to-peak amplitude (Fig. 4.3a).

A 2 µL Partially Impaled drop at 17.5% ethanol, however, was irreversibly impaled

into the surface (Fig. 4.3b).

The superiority of the nano-tier surface is evident from the dewetting experiments

at 12.5% ethanol concentration: drops can not be dewetted from the Partial Impale-

ment state on the micro-tier surface, but can be easily removed from the Cassie state

on the nano-tier surface.

4.3.2 Two-tier Surface

For experiments presented in this section, an ethanol concentration was selected

to first induce (partial or full) impalement of the two-tier substrate. A dewetting
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(a) 0 5.8 9.8 13.2 15.0 ms 

16.0 16.2 16.4 16.6 16.8 ms 

(b) 0 4.8 8.6 174.8 176.8 ms 

1 mm 

Figure 4.3: (a) Vibration-induced removal of a Cassie drop on the nano-tier surface.
The Cassie drop was 1.5 µL with 12.5% ethanol, and was immediately removed from
the surface using a vibrational frequency of 100 Hz and a peak-to-peak amplitude
of 0.19 mm. (b) For a Partially Impaled drop initially composed of 17.5% ethanol
and allowed to evaporate for five minutes, the drop was irreversibly impaled. The
initiation of the vibration is time stamped zero.

transition was then attempted after allowing the ethanol to preferentially evaporate

from the drop.

On the two-tier substrate, the wetting transition from the Partial Wenzel to the

Full Impalement state is well illustrated by the contrasting apparent contact angles

at 27.5% and 32.5% (first frames of Fig. 4.4a-b). It was previously determined that,

for a 2.25 µL drop with an initial ethanol concentration of 33% by volume, less

than 10% of the drop would be ethanol after an evaporation time of 6 min. The

27.5% drops used here were of identical volume, comparable apparent contact angle,

and slightly lower ethanol concentration. Therefore, it can be assumed that the

vast majority of the ethanol had evaporated after a wait time of 6 min, upon which

mechanical vibration was applied. For the 32.5% drops, because of a dramatically

different apparent contact angle which affected the evaporation rate, a wide range of
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(a) 

1 mm 

(b) 

0 4.6 7.6 9.8 11.8 ms 

12.6 12.8 13.0 13.2 13.4 ms 

0 3.6 7.4 388.4 393.0 ms 

Figure 4.4: (a) Vibration-induced dewetting from the Partial Wenzel to the Full
Cassie state on a two-tier surface. The drop was initially 2.25 µL with 27.5% ethanol,
and was allowed to evaporate for 6 min until it was predominantly (> 90%) water,
rendering the Cassie state energetically stable. After evaporation, the remaining drop
was vibrated at a frequency of 100 Hz and a peak-to-peak amplitude of 0.38 mm. (b)
For a Full Wenzel drop initially composed of 32.5% ethanol, no dewetting transition
was observed at a much higher amplitude of 1.1 mm. The initiation of the vibration
is time stamped zero.

wait times from 4 to 10 min were attempted before vibration, with no appreciable

change in results.

After evaporation, the impaled drop containing mainly water was then subjected

to vertical mechanical vibration (Fig. 4.4). Evident from the high-speed imaging, the

Partial Wenzel drop successfully dewetted to the Full Cassie state (Fig. 4.4a), while

the Full Impalement drop remained stuck to the substrate at a considerably higher

amplitude of vibration (Fig. 4.4b). Fig. 4.4a shows the dewetting of the Partial

Wenzel drop in approximately one period of oscillation, where the triple contact line

completely receded from the rough surface, resulting in a permanent transition to

the non-sticking Cassie state. The Full Impalement drop shown in Fig. 4.4b could

not be dewetted, even with an extremely high vibrational amplitude or with an air
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1 mm 0 2.0 6.0 23.4 

24.0 24.2 24.4 26.0 ms 

Figure 4.5: A Full Wenzel drop, composed of 32.5% ethanol, could not be dewetted
even when using a nitrogen gun. While the top portion of the drop shears off, the
contact line itself is irreversibly impaled into the surface.

gun (Fig. 4.5) – both conditions would tear the top portion of the drop off, leaving

the lower portion completely impaled in the surface.

The work required to dewet a Partial Wenzel drop is given by the incremen-

tal work of adhesion. The work of adhesion between the liquid and solid phase,

wSL = γ (1 + cos θY ), is the energy per unit area required to separate a flat

liquid-solid interface into a double interface of liquid-vapor and solid-vapor. The in-

cremental work of adhesion is motivated by the gradual receding of the contact line

during the dewetting process, evident in Fig. 4.4a. For Partial Wenzel drops wetting

the sides of the micropillars and resting atop the nanotubes, the incremental work

of adhesion for dewetting scales as,

∆ES ∼ γ(rm + φn − 1)(1 + cos θY )(2πa∆Lm) (4.1)

where a is the contact radius of the drop with the substrate and ∆Lm is the distance

between two adjacent micropillars. Physically, ∆ES is the work of adhesion associ-

ated with the first step of dewetting where the initial contact radius recedes by ∆Lm,

the inter-micropillar separation which stipulates the minimum shrinkage of the con-

tact radius (Fig. 4.6). Note that the same geometrical factor (rm+φn−1) accounting

for the liquid-solid contact appears in both the wetting Eq. 3.5 and dewetting Eq. 4.1.

The kinetic energy imparted to the drop by the speaker is maximized at resonance.

The imparted energy scales as,

EK ∼
1

2
ρV (2πfA)2 , (4.2)
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where ρ and V are the density and volume of the drop, and f and 2A are the

frequency and peak-to-peak amplitude of vibration. When the Full Cassie state is

the energetically favorable configuration and sufficient energy is supplied to overcome

the incremental work of adhesion,

EK & ∆ES, (4.3)

the contact line of the Partial Wenzel drop will continuously shrink, eventually lead-

ing to a transition to the Full Cassie state. Take Fig. 4.4a for example, the imparted

energy (EK = 5.7 nJ) is sufficient to overcome the incremental work of adhesion

(∆ES = 1.6 nJ) to complete the dewetting transition.

Since the ethanol concentration of the drops in Fig. 4.4a-b was different by only

5%, the drastic difference in dewetting behavior should be attributed to the contrast

between the Partial Wenzel and Full Impalement states (Fig. 3.7b-c). Partial Wenzel

drops wetting only the micropillars could be dewetted to the Full Cassie state, while

Full Impalement drops wetting both tiers were irreversibly wetted. This finding is

along the same line as a previous study of drops impacting a hierarchical surface, in

which the incoming drops successfully rebound when only the microscale is wetted

during collision, but not when the nanoscale is additionally wetted at higher impact

speeds [104]. Another study of electrowetting on hierarchical surfaces reports that

the electrically induced wetting is only reversible when the apparent contact angle is

kept above 140◦ or so [105], which agrees well with the contact angle of the Partial

Wenzel drops reported here.

The two-stage wetting model reported in Chapter 3 is corroborated here by the

possibility to dewet the two-tier surface in the Partial Wenzel state by vibration

(Fig. 4.4). It is also quantitatively supported by the incremental work of adhesion

model (Eqs. 4.1-4.3) predicting the threshold dewetting conditions. Note that the

Partial Wenzel state is a special sub-set of the much broader Partial Impalement
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Figure 4.6: Schematic of the work of adhesion required to dewet the contact radius
of a Partial Wenzel drop by a single row of micropillars. Drawing not to scale.
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state. The former is signified by the ability to dewet to the Full Cassie state by

vibration.

The Partial Impalement and Full Impalement states are irreversible for one-tier

surfaces, at least as far as vibration-induced dewetting is concerned. In contrast,

the Partial Wenzel state on the two-tier surface can be dewetted to the Full Cassie

state. The difference in the dewetting capability can not be explained by energetic

considerations alone, including surface energy minimization (solid lines in Figs. 3.2b,

3.3b and 3.5b) and the incremental work of adhesion model (Eqs. 4.1-4.3). Otherwise,

the nano-tier-only surface (on which Cassie state is favorable for pure water) could be

dewetted with even lower external energy supply, as the inter-nanopillar separation

is much lower than the corresponding micropillar separation (∆Lm). In addition, the

energetic argument could not explain the experimental fact that fully impaled drops

can not be dewetted from the two-tier surface.

In the Partial Wenzel state, we believe that the micro-tier is impaled but the

nano-tier remains intact in the Cassie state. We speculate that the intact nano-tier

cavities serve as “nuclei” for the dewetting process, perhaps by coupling external

energy in through the oscillation of the air/liquid interface.

4.3.3 Natural Lotus Leaf

A Partial Wenzel to Cassie transition was captured in Fig. 4.7a. A water drop in

the Partial Wenzel state was introduced by exploiting the differential evaporation

rate of water and ethanol. When a 2.25 µL drop of 2:1 (vol.) water:ethanol mixture

evaporated on a lotus leaf, the volume shrank to 1.5 µL in 5 minutes at which point

more than 90% of the drop volume was water. At the 6th min, the lotus leaf was

vibrated by the speaker, and a complete dewetting transition was observed at a

frequency of 80 Hz and a peak-to-peak amplitude of 0.6 mm. During the 28 ms

period of transition, the contact line gradually withdrew from the surface. Once
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(a) 0 ms

1mm

26 ms 28 ms24 ms20 ms

(b) 0 ms 16 ms 19 ms 25 ms 59 ms

1mm
(c) 0 ms 24 ms 25 ms17 ms11 ms

1mm
Figure 4.7: (a) Vibration-induced Partial Wenzel to Cassie transition of a drop
of > 90% water at a frequency of 80 Hz and a peak-to-peak amplitude of 0.6 mm;
(b) No transition was observed for a drop of 67% water and 33% ethanol at 80 Hz
and 1.5 mm. (c) Sticky residue was left behind under the same conditions as (a)
except for a higher amplitude of 1.5 mm. Time stamps correspond to the time after
initiation of vibration.

dewetted, the drop would land in a stable Cassie state with the bouncing and rolling

motion characteristic of a superhydrophobic drop. This transition was consistent

with the fact that more than 90% of the drop is water at the time of vibration, and

the Cassie state is the energetically favorable state for a water drop on the lotus

leaf. A control case is shown in Fig. 4.7b, where the initial 2.25 µL drop with 67%

water was vibrated at 80 Hz and an amplitude up to 1.5 mm, but no transition was

observed because the Wenzel state is energetically more favorable at a higher ethanol

concentration. Note that if the vibration is too strong, a sticky residue will be left

behind, even for pure water, resulting in an incomplete transition as in Fig. 4.7c.

Vibration-induced Partial Wenzel to Cassie transition is a plausible mechanism
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(b) (c)(a)

1 mm
Figure 4.8: (a) Condensate of water vapor on a lotus leaf horizontally attached
to a fixed cold plate; (b) Remaining sticky condensate after the leaf was vertically
tilted and returned to the horizontal position; (c) The same lotus leaf after vibration
on a speaker.

for the lotus leaf’s sustained superhydrophobicity after repeated condensations. This

hypothesis is supported by the observations in Fig. 4.8. When the lotus leaf on a

horizontal cold plate was cooled below the dew point, water vapor condensed from

the ambient air and accumulated on the leaf. In Fig. 4.8a, the cold plate was fixed,

and water condensate accumulated over the entire leaf. In Fig. 4.8b, the cold plate

was tilted 90◦ vertically and returned back to the horizontal position, and some

sticky condensate remained on the leaf. The dual traits of a large apparent contact

angle with significant contact angle hysteresis is indicative of the Partial Wenzel

state reported in Chapter 3. In Fig. 4.8c, the horizontal lotus leaf was vibrated at

80 Hz and 1 mm peak-to-peak amplitude for 1 s, and all of the sticky condensate

was removed except for a few very small drops. The drop removal was accomplished

in two stages: vibration triggered Partial Wenzel to Cassie transition of the initially

sticky drops, and the mobile Cassie drops subsequently rolled off the leaf. Note that

the first stage must precede the second one, as vibration alone is not sufficient to

completely remove a Partial Wenzel drop (Fig. 4.7b-c).

The mechanism for vibration-induced removal of condensate drops is further clar-

ified by video imaging of the Partial Wenzel to Cassie dewetting process shown in

Fig. 4.9. Sticky water condensate on a lotus leaf was obtained in the same manner

as in Fig. 4.8b. Upon initiation of vibration, the dewetting process started instan-
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17.25 ms0 ms 17 ms

1 mm
36 ms31.25 ms23.5 ms

Figure 4.9: Water condensate experiencing Partial Wenzel to Cassie transition.
Millimetric drops were dewetted, while smaller condensate drops stayed in the Wenzel
state during vibration at an amplitude of 1 mm and 80 Hz.

taneously for the two large condensate drops initially in the Partial Wenzel state.

Between 17 ms and 17.25 ms, when the leaf started to move downward while the

drops were still moving upward by inertia, the complete dewetting of the left drop

took place. The dewetting of the right drop occurred in a similar manner at 31.25 ms,

which was the last frame before complete dewetting. After dewetting, both drops

bounced on the leaf as a typical Cassie drop does [4], and the bouncing dynamics

were similar to that of a non-coalescing drop on a liquid surface [106, 107]. Note

that the dewetting transition only took place for millimetric drops, and smaller con-

densate drops stayed in the sticky Partial Wenzel state indefinitely unless absorbed

by the larger ones.

The critical external forcing required to achieve a Partial Wenzel to Cassie tran-

sition exhibits a distinct resonant character as in Fig. 4.10. At a given frequency, the

threshold amplitude of vibration was experimentally identified by gradually increas-

ing the amplitude until the dewetting transition took place. The threshold amplitude

was plotted between 15 Hz and 150 Hz for a 1.5 µL Partial Wenzel drop introduced

in the same manner as Fig. 4.7a. Two resonance modes were indicated by the local
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minima at 30± 2.5 Hz and 100± 2.5 Hz respectively. These modes correspond to the

first two resonance modes of a drop with a pinned contact line [108], and match the

theoretical predictions of the first two resonance frequencies at 32 Hz and 101 Hz.

The critical curve in Fig. 4.10 is qualitatively similar to that for the threshold of the

opposite Cassie to Wenzel transition on a surface with microtextures [82].

The threshold condition for Partial Wenzel to Cassie transition can be modeled

by comparing the kinetic energy imparted by the vibrating speaker with the surface

energy required to dewet the Wenzel drop. At resonance, the drop picks up the kinetic

energy at the highest efficiency which is assumed to be approximately constant. The

kinetic energy imparted to the drop, EK , scales as,

EK ∝
1

2
ρV (2πfA)2 , (4.4)

where ρ and V are the density and volume of the drop, f is the external forcing

frequency, A is half of the peak-to-peak amplitude of vibration, and 2πfA is the

maximum speed of the speaker.

The work required to dewet an impaled drop is given by the incremental work of

adhesion. The work of adhesion between the liquid and solid phase, wSL = γ (1 + cos θY ),

is the energy required to separate a flat liquid-solid interface into a liquid-vapor and

a solid-vapor interface, where γ is the surface tension of the liquid and θY is the

Young’s contact angle of the flat surface [109]. The incremental work of adhesion is

motivated by the gradual receding of the contact line during the threshold dewet-

ting process (schematically shown in Fig. 4.1c-f). This gradual dewetting process

is evident even with the amplitude well above the threshold (e.g. the right drop in

Fig. 4.9).

The modeling of the inhomogeneous two-tier roughness is still an open question

and we elect to adopt the following approach. The two-tier roughness can be hy-

pothetically formed in two steps: nanoscale roughness is first deposited on a flat
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Figure 4.10: Threshold peak-to-peak amplitude required for the dewetting tran-
sition of a 1.5 µL Partial Wenzel drop. The local minima at 30 Hz and 100 Hz
correspond to the first two resonance modes of the drop. Under vertical external
forcing, the 1st and 2nd modes are respectively vertical and horizontal resonant mo-
tion of the drop.

surface, and on this nanotexture a water drop would exhibit an apparent contact an-

gle (θe); The nanotexture with the equivalent contact angle θe is subsequently bent

into a surface with microscale roughness. As such, the lotus leaf can be modeled as

a surface with only microtexture (as in Fig. 4.1) as long as θe is taken as the local

contact angle. Based on this model, the energy required to overcome the work of

adhesion from Fig. 4.1c to 4.1d scales as,

ES ∝ γ (1 + cos θe) (2πa∆Lrm) , (4.5)

where a is the contact radius, ∆L is the distance between two adjacent microscale

pillars of the lotus leaf (Fig. 4.1b), and rm is the roughness ratio [52] associated with

the microscale roughness only. For a lotus leaf, ∆L ≈ 20 µm and rm ≈ 2 based

on the micrograph in [21]. Physically, ES is the work of adhesion associated with

the first step of dewetting where the initial contact radius recedes by ∆L, the inter-

micropillar separation which stipulates the minimum shrinkage of contact radius.
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Because of the gradual dewetting process, the required surface energy ES scales as

a, not a2. For a Wenzel drop on the lotus leaf, the apparent and equivalent contact

angles are related by cos θ∗ = rm cos θe [7].

Comparing the imparted kinetic energy (Eq. 4.4) and the work of adhesion

(Eq. 4.5),

EK
ES
∝ ρΦ(θ∗, rm)

γ∆L
f 2A2R2, (4.6)

where the non-dimensional function Φ is given by,

Φ(θ∗, rm) =
π2 (1− cos θ∗)2 (2 + cos θ∗)

3 sin θ∗ (rm + cos θ∗)
. (4.7)

With rm estimated to be 2 and θ∗ measured as 140◦ for Partial Wenzel drops reported

here, Φ = 16. At threshold for dewetting, EK ≈ ES. According to Eq. (4.6), for

a drop of fixed density and surface tension on an approximately homogeneous lotus

leaf (i.e., with uniform rm and ∆L),

fresAcrR ≈ const, (4.8)

where fres is the resonance frequency, Acr is the threshold amplitude, and R is the

initial radius of the drop.

The scaling law given by Eq. (4.8) is supported by the experimental data in

Fig. 4.11. On a horizontal lotus leaf after condensation and tilting (similar to

Fig. 4.8b), water drops between 0.24 µL and 15.2 µL were deposited onto the sticky

condensate remaining on the leaf, and vibration was used to induce marginal tran-

sition from the sticky Wenzel state to the rolling Cassie state. For a drop of given

initial volume, the speaker was driven at the calculated 1st and 2nd resonance frequen-

cies, and the threshold amplitude for Wenzel to Cassie transition was experimentally

identified for each case. At both resonance modes, the maximum speed of the speaker

(2πfresAcr) was proportional to V −0.348±0.016. Since R ∝ V 1/3, Eq. (4.8) holds within
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10

100

1000

0.1 1 10 100
V (μL)

2 π
f re

sA
cr

 (m
m

/s
)

 1st mode
 2nd mode

Figure 4.11: The threshold velocity of vibration as a function of initial drop volume.
Each data point was recorded when a marginal Wenzel to Cassie transition was
observed while the speaker was driven at the 1st or 2nd resonance frequency. The
coefficient of determination (R2) of the linear fit is 0.987.

experimental uncertainty. Note that EK/ES ' 2 (Eq. 4.6) for all marginal transi-

tions in Fig. 4.11 and both resonance modes in Fig 4.10. This close-to-unity ratio

is further evidence that the transition is triggered by the imparted kinetic energy

overcoming the incremental work of adhesion.

4.4 Conclusion

Compared to the one-tier surfaces, the two-tier one is superior in resisting wetting and

facilitating dewetting. The critical ethanol concentration for liquid impalement was

much larger on the two-tier roughness. After (partial) impalement, the vibration-

induced dewetting was only possible on the two-tier surface. The superiority is

ultimately related to the mechanism of the two-tier design, which remains an open

question to date. By experimentally identifying that microscale and nanoscale rough-

nesses are not necessarily wetted at the same time, our work will hopefully contribute

to the mechanistic understanding of wetting on hierarchical roughnesses.
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The experimental results and scaling laws show that kinetic energy was converted

to surface energy to overcome the work of adhesion of the Partial Wenzel drop during

dewetting. It is plausible that water-repellent leaves constantly exploit vibration to

restore superhydrophobicity after natural condensations. Although the vibration of

a lotus leaf on a stem is at much lower frequency and higher amplitude compared to

that on a speaker, the vibration velocities of both cases are comparable (order of 0.1

m/s). In addition to water-repellant plants, our work is also applicable to engineering

systems requiring anti-dew superhydrophobicity. For instance, vibration can be used

to promote rapid removal of condensate trapped in the Partial Wenzel state and

enhance the effectiveness of superhydrophobic dropwise condensation (a proof-of-

concept was reported in [33]). Inspired by the lotus leaf, naturally existing vibrations

can potentially be harvested to achieve sustained anti-dew superhydrophobicity.
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5

Self-Propelled Jumping Drops on
Superhydrophobic Surfaces

“Jump! Jump! Jump!”

−House of Pain

The content of this chapter was previously published as journal manuscripts in

[110, 111], and reproduced here with minor modifications. This chapter experimen-

tally and theoretically studies spontaneously jumping micrometric dew drops on a

two-tier superhydrophobic condenser. The mechanism is the surface energy gained

upon coalescence being converted to kinetic energy, opposite to the complementary

technique developed in Chapter 4 of surface energy being converted to kinetic energy

for millimetric drops.

5.1 Introduction

Dropwise condensation occurs on a surface not wetted by the condensate [50] and

is typically ten times more effective than filmwise condensation in terms of phase-
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change heat transfer [49, 50]. To achieve effective dropwise condensation, condensate

must be quickly removed from the surface as it accumulates, otherwise large drops

will inhibit heat transfer due to the poor thermal conductance of liquid condensate

[49]. Gravitational removal is the most common mechanism, but this approach de-

pends on the orientation and only affects drops with a diameter comparable to the

capillary length [112]. Here, we show that condensate drops can be autonomously

removed on a superhydrophobic surface without any external forces, and the aver-

age drop radius at steady state condensation is three orders of magnitude smaller

than the capillary length. The spontaneous motion is powered by the surface energy

released upon drop coalescence, and is unique in that out-of-plane jumping results

from in-plane coalescence. A similar mechanism is used by ballistospore mushrooms

to discharge a spore from the tip of its sterigma, which is triggered by the coales-

cence of the Buller’s drop (condensate at the base of the spore) with the wetted

spore [113, 114, 115]. We believe the jumping motion reported here is underlying

recent reports of rapid drop movement upon coalescence on synthetic and natural

superhydrophobic surfaces [33, 116, 117].

5.2 Materials and Methods

A superhydrophobic substrate, composed of two-tier roughness with carbon nan-

otubes deposited on silicon micropillars and coated with hexadecanethiol, was pre-

pared in the same manner as structure Bmn in [33] (surface geometry detailed in

Table 3.1). As a control case, a smooth silicon substrate coated with hexadecanethiol

was also used. The substrates were placed on a horizontally oriented copper plate

controlled at 5.5± 0.5 ◦C by a circulating chiller. A thin film of water was used to

reduce the contact resistance between the substrates and the cold plate. The labo-

ratory temperature was measured to be 19 ◦C with a relative humidity of 74% (dew

point = 14 ◦C). Video imaging of water vapor condensing from the air above the
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20 min 2 min 1 min 10s 

100 µm  

(a) 

(b) 

Stage 1 Stage 2 Stage 2 Stage 2 

Stage 3 Stage 3 Stage 2 Stage 1 

Figure 5.1: (a) Dropwise condensation on a smooth hydrophobic substrate; (b) on a
rough superhydrophobic substrate where the microscale pillars are visible. Both sub-
strates were horizontally oriented. Stages 1-3 of the condensation process characterize
the initial nucleation, immobile coalescence, and mobile coalescence, respectively.

substrates was captured with a Phantom v7.1 camera attached to a Nikon LV150 or

an Infinity K2 microscope for top-down and side-view imaging, respectively.

5.3 Results

5.3.1 Growth Laws for Superhydrophobic Condensation

Horizontally oriented hydrophobic and superhydrophobic substrates were chilled and

the resulting condensation process was captured (Fig. 5.1). Fig. 5.1a represents

the conventional dropwise condensation on the smooth hydrophobic surface while

Fig. 5.1b represents the condensation on the superhydrophobic surface. In lack of an

external drop removal mechanism, the drops continued to grow on the hydrophobic

surface. In contrast, the condensate drops on the superhydrophobic surface were

autonomously removed, as evident from the large “dry” area at 20 min (Fig. 5.1b).

Quantitative analysis of the condensation process is shown in Fig. 5.2. The sur-

face coverage (ε2) is the ratio of the projected surface area covered by the drops over

the substrate area. The surface coverage reaches a plateau of ε2 ≈ 0.4 for the super-

hydrophobic surface, smaller than ε2 ≈ 0.6 for the hydrophobic surface (Fig. 5.2b).

75



1 

10 

100 

0.1 1 10 100 

A
v
e
ra

g
e
 D

ia
m

e
te

r,
 <

2
r>

 (
µ

m
) 

(a) 

Sta
ge 2

 

Stage 3 

0.74±0.05 

0.02±0.04 

0.82±0.07 

!! Hydrophobic 

! Superhydrophobic 

0 

0.2 

0.4 

0.6 

0.1 1 10 100 

S
u

rf
a
c
e
 C

o
v
e
ra

g
e
, 
!

2
 

t (min) 

Stage 3 

(b) 

Stage 2 

Figure 5.2: Statistics of the temporal evolution of condensate patterns in Fig. 5.1:
(a) The average drop diameter, where the slopes shown are the power law exponent
α; (b) The surface coverage, which reached a plateau for both the hydrophobic and
superhydrophobic surfaces but fluctuated because of the small field of view. Stage 3
is the mobile coalescence stage exclusive to superhydrophobic condensation, denoted
by the dashed lines. Time 0 corresponds to the first visual appearance of condensate
drops, and the error bars are the 95% confidence interval of the exponential fit.

The consequence of the autonomous drop removal is even more pronounced for the

average drop diameter, 〈2r〉, which plateaus on the superhydrophobic surface but

continues to grow on the hydrophobic surface (Fig. 5.2a).

The temporal evolution of the average drop diameter follows a power law [118],

〈2r〉 ∼ tα, (5.1)
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where t is the time, and α is the growth law exponent depending on the stage of

condensation. Without external forces, two stages of condensation were observed

on the hydrophobic surface, while an additional third stage was observed for the

superhydrophobic surface as a result of the autonomous removal (Fig. 5.2a):

Stage 1: Initial Growth without Coalescence — At the first stage, drops nucle-

ated and grew without significant interactions, and the initial surface coverage was

negligible. Because of the initial transient cooling of the cold plate, we could not

accurately determine the power law in the first 30 s, however, the 1/3–law is to be

expected on both hydrophobic and superhydrophobic surfaces [83, 94, 119].

Stage 2: Immobile Coalescence — At the second stage, the surface coverage was

large enough for the condensate to frequently coalesce together, but the center-of-

mass of the merging drops did not change appreciably before and after coalescence.

On the hydrophobic surface, the growth followed a power law with α = 0.74± 0.05.

This growth law is consistent with the approximate 0.75–law measured for breath

figures [120, 121]. The discrepancy with the theoretical approximation of α = 1 [122]

could be explained by the transient in surface temperature [121] as well as other

simplifications discussed in [122]. On the superhydrophobic surface, coalescence did

not begin until t ≈ 40 s when 〈2r〉 ≈ 3 µm. Droplet growth followed a power law with

α = 0.82± 0.07, which is close to growth rates observed on textured surfaces [83, 94].

While immobile coalescence with continuous power law growth was the steady-state

behavior on the hydrophobic surface, the condensation on the superhydrophobic

surface entered a third stage at 90 s.

Stage 3: Mobile Coalescence — When the average drop diameter on the super-

hydrophobic surface reached a threshold value, coalescence led to the mobilization

and rapid removal of the merged drops from the surface. This autonomous removal

resulted in a power law exponent of α = 0.02± 0.04, i.e., the average diameter was

constant within experimental uncertainty at 5.3± 0.4 µm. The α = 0 power law
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is necessary for continuous dropwise condensation with effective heat transport. In

conventional dropwise condensation, the steady state condition with constant aver-

age diameter is typically accomplished with gravity on a tilted hydrophobic surface,

leading to an average drop diameter well above 100 µm [49, 112]. On the horizontal

superhydrophobic surface reported here, autonomous drop removal was observed to

result from coalescence involving at least one “large” drop with diameter & 10 µm.

This critical drop diameter for mobile coalescence probably dictates 〈2r〉 in the same

manner that the capillary length does in conventional dropwise condensation [112].

5.3.2 Spontaneously Jumping Condensate

The rapid drop motion during Stage 3 condensation on the superhydrophobic sub-

strate was studied by high-speed imaging, and a surprising out-of-plane jumping

motion upon coalescence was captured. Repeated observations confirmed that the

condensate departed the surface only after coalescing with other drops. Two types of

mobile coalescence were observed: initial coalescence, where a static group of neigh-

boring drops merged together and were removed from the surface (Fig. 5.3), and

dynamic coalescence, where a drop already in motion from a previous coalescence

came in contact with a stationary drop(s) (Fig. 5.4). Although it has been observed

elsewhere that condensate drops can mobilize individually on a substrate near its

melting point [123] or collectively upon coalescence on a superhydrophobic surface

[33, 116, 117], this is the first report of an out-of-plane jumping motion spontaneously

occurring on engineered surfaces.

The surface coverage on the superhydrophobic surface was not dramatically lower

than that on its hydrophobic counterpart due to the appearance of new families of

droplets [118], however, this re-creation of the early droplet growth cycle leads to

very efficient heat removal [49]. Because the heat transfer coefficient increases with

decreasing average drop diameter even with the same surface coverage [49, 112],
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50 µm  

0µs 20µs 40µs 60µs 80µs 

Figure 5.3: Top-down imaging of autonomous drop removal via initial coalescence.
A group of initially static condensate drops coalesced together and subsequently
moved out of focus, indicating an upward trajectory over the surface. The largest
drop in the group has a diameter of 15 µm, and the lateral speed was approximately
1 m/s.

superhydrophobic surfaces can be used to promote effective dropwise condensation.

Although the jumping phenomenon occurred at all orientations, the substrate was

horizontally oriented here to show that no external force is needed to remove the

condensate: the merged drop jumped off the surface, fell back in the mobile Cassie

state [9], and bounced along the surface until it triggered another coalescence. After

a few coalescences, the merged drops moved out of the field of view (0.4×0.4 mm2)

and eventually rolled off the edge of the chip (20×20 mm2).

The self-propelled drop motion appears to be powered by the surface energy re-

leased upon drop coalescence. On a superhydrophobic surface, the condensate drops

can be assumed spherical to first order approximation with negligible interactions

with the substrate. If all the released surface energy is converted to translational

kinetic energy, when two spherical drops of radii r1 and r2 coalesce into one, the

velocity of the merged spherical drop is

vi =

√
6σ

ρ

r2
1 + r2

2 − (r3
1 + r3

2)2/3

r3
1 + r3

2

, (5.2)

where σ is the surface tension and ρ is the density of the liquid. For drops of equal

radius, r1 = r2 = re, this inertial-capillary velocity reduces to

vi ∝
√
σ/ρre. (5.3)
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(a)  

(b)  

Figure 5.4: On a superhydrophobic surface, water condensate spontaneously jump
upon drop coalescence. In the capillary-inertial regime, smaller drops jump higher:
coalescing drops are 200/270 µm in diameter in (a), and 80/90 µm in (b).

When inertia dominates, the merging time scales as

ti ∝
√
ρr3

e/σ. (5.4)

Similar inertial-capillary velocity and time scales have proven useful in inertia-dominated

problems involving bridge formation during drop coalescence [124, 125] and bouncing

of superhydrophobic drops [126, 127]. The Reynolds number based on vi is,

Rei ∝
√
σρre/µ2, (5.5)

where µ is the liquid viscosity. Therefore, viscosity dominates as the radius ap-

proaches a critical value,

rcr ∝ µ2/σρ, (5.6)

at which the inertial velocity vi equals the viscous-capillary velocity of vv ∝ σ/µ.
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Figure 5.5: Velocity of the coalesced drop as a function of the average diameter
of two coalescing drops: The error bars of the measured velocity (•) were based on
the video resolution. The nondimensional velocity (N) indicates that the jumping
velocity scales as vi (Eq. 5.2) above a critical diameter. For Fig. 5.5 only, a humidifier
was sometimes used to accelerate the condensation process with negligible effect on
the trend of the measured jumping velocity.

The vertical velocity of the merged drop resulting from coalescence of two indi-

vidual drops was measured experimentally (Fig. 5.5). The measured velocity (vex)

was nondimensionalized by the theoretical velocity (vi in Eq. 5.2),

v? = vex/vi. (5.7)

For average drop diameter 2ravg ≥ 85 µm, the nondimensional velocity (v?) was

approximately constant at 0.17. The measured Reynolds number was Re = 0.38

at 2ravg = 17 µm, and 11 at 85 µm. The experimental results at relatively high

Reynolds numbers (Re & 10) support the inertial-capillary velocity scaling (Eq. 5.2).

The measured coalescence time was also on the same order as the inertial time scale.

At lower Reynolds numbers, viscous effects became increasingly important which

explains the reduction in v? (not necessarily in vex).

The experimentally observed critical diameter for jumping was of order 10 µm,

much higher than the theoretical prediction which is of order 10 nm for water
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(Eq. 5.6). This discrepancy may be explained by the relatively weak dependence

of the Reynolds number on drop size (Eq. 5.5), together with the negligence of all

dissipative processes including those related to the contact line movement [128, 129]

and the viscosity-dominated initial bridging process [124, 130, 131, 132]. Interest-

ingly, the critical size of the Buller’s drop for triggering spore ejection is also 10 µm

[114, 115] despite the differences in the ejection and jumping processes.

5.3.3 Jumping Drops on a Leidenfrost Surface

The unusual out-of-plane motion resulting from in-plane coalescence was reproduced

on a Leidenfrost surface. On a hot surface, liquid drops float on a vapor layer

(Fig. 5.6) which resembles superhydrophobicity [127, 133]. Leidenfrost drops are

frictionless and difficult to control, so a drop collider with two opposing ramps was

machined to controllably coalesce Leidenfrost drops (Fig. 5.7). On both ramps,

a Leidenfrost drop was trapped behind a heated gate, and the gates were opened

simultaneously by magnetically actuating them with solenoids (Fig. 5.7c-d). The

Leidenfrost drops slide down the opposing ramps in tandem, colliding at the center

stage where the coalescence event is captured using the same side-view high-speed

imaging as with the superhydrophobic surface. The temperature of the aluminum

1mm 

Figure 5.6: A Leidenfrost drop on a heated aluminum surface, floating on a layer
of evaporative vapor.
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(a) (b) 

(c) (d) 

Figure 5.7: (a) A Leidenfrost drop collider machined from aluminum; (b) a heated
gate traps drops in two opposing channels; (c-d) magnetic actuation of the gates
releases the drops for a controlled collision.

stage and gates was controlled using a thermocouple and cartridge heaters connected

to a PID controller and a solid-state relay. A temperature of 200 ◦C was used for

most of the experiments.

When two equal Leidenfrost drops coalesced, a liquid bridge formed along the

centerline of the drops above the substrate. The bridge diameter quickly grew to

be larger than that of the original drops, and the impact of the liquid bridge on

the substrate (or rather the compression of the vapor layer) exerted an upward

force lifting the merged drop up. In other words, the jumping motion resulted from

the evolving liquid bridge of the coalescing drops impinging against the substrate

(Fig. 5.8a); the liquid bridge initiated well above the surface because of the high

contact angle of the drops. As a confirmation of the impingement mechanism, when

bouncing drops coalesced away from the substrate, no appreciable jumping occurred
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7.5 ms  

(a) (b) 

Figure 5.8: (a) On a Leidenfrost surface, coalescing water drops spontaneously
jump when the liquid bridge impacts the substrate; (b) this mechanism is confirmed
by observing that coalescence away from the substrate does not lead to jumping.

(Fig. 5.8b). The dependence of the jumping velocity on surface tension, as suggested

by Eq. 5.6, was verified by using ethanol drops on the Leidenfrost collider. Compared

to water drops of similar size (Fig. 5.9)a, two merging ethanol drops do not jump

as high (Fig. 5.9b). Interestingly, an ethanol drop colliding with a water drop did

not coalesce at all, but rather the water drop rebounded in the opposite direction

(Fig. 5.10).
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0 (b) 

0 (a) 

2.5 4.5 10.25 ms 

2.5 4.5 15.5 ms 

Figure 5.9: The jumping velocity of Leidenfrost drops depends on the surface
tension, as demonstrated by (a) water drops jumping higher than (b) ethanol drops
of comparable size.

0 ms 1.75 ms 5.5 ms 

8.75 ms 12 ms 20.5 ms 

1 mm 

Figure 5.10: A water drop (right) colliding with an ethanol drop (left) on a Lei-
denfrost surface results in rebounding rather than coalescence, propelling the drops
in opposite directions.

The millimetric Leidenfrost drops followed the same scaling trends (Eqs. 5.3-5.4)

as the much smaller superhydrophobic condensate drops. We believe the same “liq-

uid bridge impacting substrate” mechanism is underlying the jumping motion on

superhydrophobic surfaces. This mechanism explains why the jumping motion has

not been observed from drop coalescence on conventional substrates [128, 134, 135].

Our findings suggest that although surface roughness is critical for achieving super-
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hydrophobicity, it is not essential for the jumping motion. However, the spontaneous

motion offers a mechanism to switch from the sticky (Partial) Wenzel state [7] to

the non-sticking Cassie state [9], a transition crucial for achieving anti-dew superhy-

drophobicity on rough surfaces [52]. The surface energy released upon coalescence of

two drops can be as high as 20% of the original energy, about 10X larger than the

typical energy barrier for Wenzel to Cassie transition [18].

5.4 Conclusion

In conclusion, we reported a self-propelled jumping motion of condensate drops on a

superhydrophobic surface, and our scaling model suggested that such motion results

from the surface energy released upon drop coalescence. The jumping leads to au-

tonomous removal of dropwise condensate without the action of any external forces,

which has the potential to enhance condensation heat transfer.
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6

Planar Jumping-drop Thermal Diodes

“I live on a one-way street that’s also a dead end. I’m not sure how I got there.”

−Stephen Wright

The content of this chapter was previously published as a journal manuscript in

[136], and reproduced here with minor modifications. Utilizing the jumping-drop

phenomenon discovered in the previous chapter, this chapter reduces to practice a

planar jumping-drop thermal diode that is capable of conducting over 100 times

more heat in one direction than in the reverse direction, independently of gravity

and orientation.

6.1 Introduction

Analogous to the electronic diode, a thermal diode transports heat with a strong

directional preference. Thermal diodes are useful in a variety of applications, such

as heat distribution in spacecrafts [75], thermal regulation during energy harvesting

[72], thermally adaptive building materials [74], and potentially phononic computing
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[137]. The effectiveness of a thermal diode is measured by the rectification coefficient

(diodicity),

η =
kf − kr
kr

, (6.1)

where kf and kr are the effective thermal conductivities in the forward and reverse

operating modes, respectively.

Thermal diodes that have been reduced to practice have significant constraints

that limit their practical applications. Solid-state thermal diodes [137] can be config-

ured in a variety of form factors and function over a wide range of temperatures, but

their diodicity is typically limited to η∼ 1 or less [61, 64, 65]. Phase-change thermal

diodes [71] such as thermosyphons [138] and liquid-trap heat pipes [75] can produce

a diodicity of η∼ 100. However, thermosyphons are only useful with an orientation

favored by gravity, a severe limitation for mobile electronics and space applications,

while asymmetric heat pipes are fundamentally one-dimensional, a major constraint

for applications requiring planar configurations. Integration of an array of liquid-

trap heat pipes into a wall panel solves the dimensionality problem but results in an

order-of-magnitude decrease in the diodicity [74].

Since using gravity (thermosyphons) or capillarity (liquid-trap heat pipes) to con-

tinuously return condensate to the evaporator inherently constrains the usefulness

of a phase-change thermal diode, what if a completely new technique could be uti-

lized with a superhydrophobic condenser? It has been previously demonstrated that

condensate tends to form in a quasi-spherical, Partial Wenzel state on a two-tier

superhydrophobic surface (Chapter 3) that can be ejected out-of-plane from the sur-

face using mechanical vibration (Chapter 4) or naturally occurring drop coalescence

(Chapter 5). Since passive techniques are always more practical for engineering sys-

tems, the spontaneous jumping-drop transport that occurs during the growth and

coalescence of superhydrophobic condensate seems like an ideal mechanism for a
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fundamentally new type of phase-change thermal diode. Therefore a path has been

forged to progress from dynamical superhydrophobicity to thermal diodes.

Here, we report a phase-change thermal diode (Fig. 6.1) that is inherently planar

with an orientation-independent diodicity of η∼ 100. Instead of relying on gravity

or a wick structure to transport the condensate back to the evaporator, our diode

is enabled by the self-propelled jumping motion of dropwise condensate on a super-

hydrophobic surface (Chapter 5). In the process of condensation, coalescing drops

release surface energy which propels the merged drops to jump out-of-plane; the di-

rectionality results from the substrate breaking the symmetry of the energy release

by exerting a perpendicular force.

The jumping-drop thermal diode consists of a planar vapor chamber with op-

posing superhydrophobic and superhydrophilic [4] plates (Fig. 6.1). The plates are

separated by a thermally insulating gasket which also provides a vacuum seal. When

the superhydrophilic surface is heated with respect to the superhydrophobic one

(forward mode, Fig. 6.1a), the evaporating water carries heat away from the super-

hydrophilic surface and the vapor condenses on the superhydrophobic surface; the

self-propelled jumping motion returns the condensed drops back to the evaporator,

completing the circulation of working fluid with highly effective phase-change heat

transfer. When the superhydrophilic surface is cooler (reverse mode, Fig. 6.1b),

liquid water is trapped by it and no phase-change heat transfer takes place; heat

mainly escapes through ineffective conduction across the rubber gasket and vapor

space. Note that the wick structure in our thermal diode serves to evenly distribute

the working liquid within the superhydrophilic surface and hold it against gravity.

In contrast, the wick in conventional heat pipes is playing the additional role of

returning condensate to the evaporator by capillary action [71].

89



Superhydrophilic (T+) 

Superhydrophobic (T−) 

(a) 

Superhydrophobic (T+) 

Superhydrophilic (T−) (b) 

Figure 6.1: Schematic of the planar jumping-drop thermal diode (not to scale): (a)
Forward mode with self-propelled jumping drops returning the working fluid from
the superhydrophobic condenser to the superhydrophilic evaporator for continuous
phase-change heat transfer; (b) Reverse mode with liquid trapped by the colder
superhydrophilic surface.

6.2 Materials and Methods

6.2.1 Fabrication

The superhydrophobic surface (Fig. 6.2a) was fabricated using electroless galvanic

deposition of silver nanoparticles onto a copper substrate [139] and was subsequently

coated with a monolayer of 1-hexadecanethiol. The superhydrophobic plate had two

ports for liquid injection and vacuum pumping (visible in Fig. 6.2a inset). The oppos-

ing superhydrophilic surface (Fig. 6.2b) consists of copper wick sintered to a copper

plate and oxidized by oxygen plasma. The copper plates had a cross-sectional area of

A= 76 mm× 76 mm, a thickness of 8.9 mm (superhydrophobic) and 6.4 mm (super-

hydrophilic), and a thermal conductivity of 400 W/m·K. The plate dimensions were

5 µm 500 µm 

(a) (b) 

Figure 6.2: Scanning electron images of: (a) The superhydrophobic surface with
galvanically deposited micro/nano structures; (b) The superhydrophilic surface with
sintered copper wick. Insets: the corresponding copper plates.
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somewhat arbitrary and chosen primarily to facilitate fabrication. The copper wick

had an area of Aw = 61 mm× 61 mm, a thickness of Hw = 1.0 mm, and a conductivity

of approximately 40 W/m·K. The parallel copper plates were separated by a water-

resistant rubber gasket (EPDM, 0.1 W/m·K). Through-holes were punched along the

gasket to allow for the passage of glass-filled nylon screws ( 0.2 W/m·K), which were

used to seal the chamber air-tight. The compressed thickness of the rubber gasket

defined the total separation between the plates, H = 2.6 mm, and consequently the

height of the vapor space, Hv = 1.6 mm.

6.2.2 Degassing

Once sealed, the injection port was opened to charge 2 mL of deionized water into the

chamber, an amount just enough to soak the wick. With both ports closed, the whole

chamber was heated to a uniform temperature of 40 ◦C (to ensure consistent removal

of non-condensable gases). The vacuum port was then opened until a chamber

pressure of 10 kPa was achieved, at which point both ports were sealed (Fig. 6.3).

Subtracting the vapor pressure, the partial pressure of the non-condensable gases in

the chamber was estimated to be roughly 3 kPa.

6.2.3 Characterization

The effective conductivity across the vapor chamber was measured by keff =HQ/(A∆T ),

where ∆T was the steady-state temperature drop between the copper plates at a

given power input Q, and A is the total cross-sectional area of the plates including

the surrounding gasket. In the characterization experiments, one copper plate was

heated by a resistive film heater (also of area A) at a specified power (Q), while the

other was cooled by a chiller plate held at a constant temperature (T0) by a refrig-

erated circulator (Fig. 6.4). The backside of the heater was wrapped with insulating

rubber foam ( 0.04 W/m·K, 10 mm thick) to minimize heat leakage. The tempera-
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tures were measured using two thermistors (Omega 44131) drilled into the sides of

each plate, 2 mm beneath the functional surfaces.

6.3 Results

The thermal diode was characterized at three different orientations (Fig. 6.5a):

against gravity (superhydrophobic substrate on the bottom, as in Fig. 6.1 and

Figs. 6.5b-c), with gravity (on top), and neutral of gravity (sideways), over the

course of a week-long continuous run. Within the experimental uncertainties, all

three orientations equivalently demonstrate low conductance in the reverse mode

and high conductance in the forward mode, verifying a complete orientation inde-

pendence. Even when the diode chamber was flipped upside down in the middle of a

steady-state operation, there was no appreciable change in the measured temperature

drop.

The highly effective thermal rectification is illustrated with infrared imaging

(FLIR A325) in Fig. 6.5b-c, where a spray paint of known emissivity (Krylon flat

P Vacuum  
pump 

Thermal  
Diode 

1 

2 
3 

2 

4 

Figure 6.3: Vacuum system for the jumping-drop thermal diode: 1. vacuum pump;
2. on/off valves; 3. analog pressure gauge; 4. syringe for water injection.
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white 1502) was applied to the side of the diode. Under identical conditions, steady-

state operation in the forward and reverse modes yielded dramatically different tem-

perature distributions. In the forward mode (Fig. 6.5c), the effective phase-change

heat transfer led to a small temperature drop across the diode (i.e. a high kf ). In

the reverse mode (Fig. 6.5b), the heat transfer was essentially blocked, leading to a

much larger temperature drop (i.e. a low kr).

Like many phase-change systems, our thermal diode in the forward mode has a

variable thermal conductance dependent on the vapor temperature (Fig. 6.6). The

vapor temperature, taken as the average between the superhydrophobic condenser

and the superhydrophilic evaporator, was varied with the heat sink temperature (10,

25, and 40 ◦C) in conjunction with the heater power (30 – 90 W) for all three system

orientations. The forward conductivity exhibited an exponential increase with the

vapor temperature, attaining a maximum of kf = 44± 12 W/m·K during the week-

long test. The main source of uncertainty was the ± 0.1 ◦C interchangeability of each

thermistor, resulting in a conservative uncertainty of ± 0.2 ◦C for ∆T .

Film heater 
(up to 100 W) 

SHPL plate 

SHPB plate 

Q 

Circulator: 
Water 

T Aluminum cold plate 

Figure 6.4: Experimental setup to characterize the effective thermal conductivity
between the plates of the thermal diode. The schematic depicts the thermal diode in
the forward mode; the cold plate and film heater were switched to the opposite sides
to characterize the reverse mode. The small black holes represent the high-precision
thermistors drilled into the sides of the copper plates to measure the change in
temperature across the wick (blue texture) and vapor space.
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(a) 

T0 

Q 

Q 

T0 20 ºC 

45 ºC (b) (c) 

Figure 6.5: Orientation-independence of the diode performance: (a) All three ori-
entations were tested on the same chamber with the heat sink held at 25 ◦C. (b-c)
Infrared imaging of the diode at steady-state in the reverse and forward modes,
respectively. The diode (outlined by a dotted box) had an overall dimension of
76× 76× 18 mm3. For both images, the cold side was attached to a heat sink at
T0 = 25 ◦C, while the other side was heated by a resistive film with Q= 15 W. Note
that the insulating spacer slightly protruded from the sides. The injection and vac-
uum ports were connected to the superhydrophobic plate, located at the bottom in
both cases.

The effective conductivity in the reverse mode was taken as the value measured

at room temperature, kr = 0.29± 0.06 W/m·K, where the uncertainty was assessed

from multiple measurements at all three orientations with a fixed T0 = 25 ◦C. Other

heat sink temperatures were not used because thermal leakage to the environment

distorted the measurements of such a low conductance. Note that the effective re-

verse conductivity was higher than the thermal conductivity of any of the interstitial

materials (mainly vapor and rubber), indicating that the reverse heat transfer was

not only through conduction, but also through convection. The systematic errors

in both temperature and power measurements were smaller than the error bars re-
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Figure 6.6: Semi-log plot of the forward thermal conductivity (kf ) versus the aver-
age vapor temperature of the thermal diode (Tv). For the corresponding conductiv-
ity ratio (kf/kr), the reverse conductivity is assumed constant at kr = 0.29 W/m·K.
Solid symbols correspond to measurements obtained during a week-long continuous
run while open symbols represent additional tests. When Tv < 50 ◦C, the forward
conductivity was approximately independent of orientation for heater powers (Q)
ranging from 30 W to 90 W. When Tv > 50 ◦C, however, the forward conductivity
had a strong orientation dependence, where the “with gravity” orientation yielded
much higher values than the other two for a low power of 30 W chosen to delay
dryout. The orientation dependence beyond a vapor temperature of 50 ◦C indicated
the onset of boiling, where the removal of vapor bubbles was strongly dependent on
the gravitational orientation. The dashed line corresponds to the maximum forward
conductivity (kmf ) predicted by Eq. (6.2), assuming no enhancement by boiling.

ported here. The actual power input (Q) was affected by the thermal leakage by

conduction through the foam, and convection and radiation from the uninsulated

sidewalls. The thermal leakage was negligible in the forward mode, but could be

up to 15% of the total power in the reverse mode. The measured temperature drop

(∆T ) included that on the 2 mm interspace between the superhydrophobic (super-

hydrophilic) surface and the respective thermistor. This undesired temperature drop

was negligible in the reverse mode, but could be as much as 0.05 ◦C (considering the

two interspaces) with a power of 30 W in the forward mode.
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During the week-long continuous test, a nominal diodicity of up to η= 150± 50

was measured. Higher forward conductivities and diodicities were measured with

additional tests at higher vapor temperatures, but under those conditions boiling

within the wick had likely occurred, which was indicated by the loss of orientational

independence with Tv > 50 ◦C. At low heat fluxes, the vapor bubbles could readily

escape by buoyancy at the “with gravity” orientation, but not at the other two

orientations [140]. The boiling limit was corroborated by the sudden loss of wick

superhydrophilicity due to dryout, after which the wick had to be rejuvenated.

Near the boiling limit, phase-change heat transfer is very effective such that the

majority of the temperature drop on the entire diode is across the wick. Assuming

no enhancement by boiling, the maximum forward conductivity is given by,

kmf ≈ kw
AwH

HwA
= kw

Aw
A

(
1 +

Hv

Hw

)
, (6.2)

which serves as an upper bound for the orientation-independent forward conductivity.

In Fig. 6.6, the conductivity at the “sideways” and “against gravity” orientations

reached a plateau of 66 W/m·K, consistent with kmf ≈ 70 W/m·K for H/Hw = 2.6 as

predicted by Eq. (6.2). With a thinner rubber gasket (H = 1.4 mm) under identical

conditions, the plateau value was 43 W/m·K, consistent with kmf ≈ 40 W/m·K for

H/Hw = 1.4.

6.4 Conclusion

In summary, we have developed a planar jumping-drop thermal diode that retains the

large diodicity of phase-change diodes with the additional advantages of orientational

independence and large-area scalability. The two-dimensional diode is expected to be

particularly useful for the cooling of planar electronic components such as micropro-

cessors, especially in thermally hostile environments and three-dimensional (layered)
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microsystems. The scalable design is perfect for large-area applications, such as so-

lar panels for energy harvesting and adaptive walls for the thermal management of

buildings.

The thermal diode design adopted here may be further optimized. According to

Eq. (6.2), the maximum forward conductivity (and overall diodicity) can be enhanced

by minimizing the thickness of the wick structure (Hw) while maximizing the vapor

space (Hv). It is therefore of interest to fabricate wicks with varying thickness, to

further increase the thermal diode’s heat transfer in the forward mode and more sys-

tematically test Eq. (6.2). Furthermore, the data presented in Fig. 6.6 still contains

a significant amount of non-condensible gas, inhibiting optimal performance in the

forward mode and possibly affecting the incipience of boiling behavior. This makes

theoretical modeling of the forward mode heat transfer behavior difficult, if not im-

possible. Finally, the use of a film heater limits the maximum heat flux applicable

to the system to under 2.5 W/cm2, much smaller than heat flux values typically of

interest. These issues will be addressed in the following chapter.
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7

Modeling the Jumping-drop Thermal Diode

“It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you

are. If it doesn’t agree with the experiment, it’s wrong.”

−Richard P. Feynman

Building on the proof of concept demonstrated in Chapter 6, this chapter system-

atically varies the parameters of the jumping-drop thermal diode to validate a simple

theoretical model that predicts the effective heat transfer in the forward operation

mode.

7.1 Introduction

In the previous chapter, the planar jumping-drop thermal diode demonstrated an

orientation-independent diodicity of η ∼ 100 when the vapor temperature was be-

tween 40 – 50 ◦C. Due to an imperfect vacuum, however, several kilopascals of non-

condensible gas remained in the system, greatly affecting the forward mode heat

transfer (kf ) and by extension the diodicity (Eq. 6.1) when the vapor temperature
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deviated from this narrow range (Fig. 6.6). The presence of the non-condensible gas

resulted in a diminished diodicity of η∼ 1–10 for temperatures below 40 ◦C, due to

the diffusive thermal resistance of the gas becoming increasingly dominant at lower

vapor pressures [141]. For temperatures above 50 ◦C, boiling occurred in the wick

even for low heat fluxes under 1 W/cm2, resulting in orientation-dependent behavior

and even dryout. It is likely that this debilitating onset of boiling at low heat fluxes

was also due to the presence of the non-condensible gas, as comparable sintered wick

structures in an evacuated chamber have been reported to operate at heat fluxes up

to 50 W/cm2 without boiling effects and up to 500 W/cm2 without boiling-induced

dryout [142]. A preliminary model suggested that the forward conductivity of the

jumping-drop thermal diode plateaues to a maximum value at large vapor tempera-

tures that is inversely proportional to the thickness of the wick structure (Eq. 6.2),

but this could not be systematically tested as only 1 mm thick wicks were used and

high-temperature measurements were limited by the boiling effects.

In this chapter, an improved vacuum removed the vast majority of non-condensible

gas from the jumping-drop thermal diode, allowing for a more stable and uniform

diodicity of η∼ 100 over a wide range of temperatures from 10 – 85 ◦C. A simple theo-

retical model is developed that predicts the forward mode heat transfer as a function

of the interfacial phase-change resistance and the conduction resistance across the

superhydrophilic wick structure. The model is tested by systematically varying the

thickness of the wick structure, the height of the vapor space, and the non-condensible

gas concentration over a wide range of vapor temperatures. Under all conditions, the

model agrees with the results to within experimental uncertainty (provided that the

non-condensible gas is sufficiently removed), resulting in a guide for optimizing the

forward mode heat transfer of planar jumping-drop vapor chambers and/or thermal

diodes.
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7.2 Materials and Methods

7.2.1 Fabrication

The superhydrophobic and superhydrophilic copper plates were identical to those

detailed in Section 6.2.1. Wick structures with thicknesses of Hw = 0.25, 0.5, 1.0,

and 2.0 mm were fabricated onto interchangeable copper plates, all exhibiting an

average particle size of approximately 100µm. The porosity of all of the wicks was

approximately 50% and their wetted conductivity was kw = 38 W/m·K [143]. Two

different gaskets, with compressed thicknesses of H = 2.5 and 3.7 mm, were used to

vary the height of the vapor space (Hv) between the plates, which is the difference

between the thicknesses of the gasket and the wick structure (Hv=H−Hw).

7.2.2 Characterization

The experimental setup for characterizing the heat transfer performance of the ther-

mal diode was overhauled to allow for larger heat fluxes (Fig. 7.1). Instead of using

a film heater as the heat source, which was limited to 100 W, three 300 W car-

tridge heaters (Omega CIR – 1032/240) with diameters of 6.4 mm were connected

in parallel to a high-voltage DC power supply (Ametek XG 300-5) and drilled into

an additional copper plate that was bolted to the backside of the superhydrophilic

plate. The heater plate had the same total cross-sectional area (A) as the other

copper plates to ensure uniform heat transfer across the thermal diode.

The superhydrophobic plate was cooled at a constant temperature using a cir-

culating chiller (Neslab RTE 740). Previously, the circulator was connected to an

external cold plate that was bolted to the backside of the superhydrophobic plate,

but for the larger heater powers used here this resulted in an undesirably large tem-

perature drop between the superhydrophobic plate and the heat sink. To mitigate

this problem, the circulator tubes were soldered directly into the backside of the
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superhydrophobic plate to remove unnecessary contact resistance. Finally, the work-

ing fluid in the circulated chiller was changed from pure deionized water to a 50/50

mixture of deionized water and ethylene glycol, to allow for heat sink temperatures

below 0 ◦C when necessary.

The parameter used to characterize the forward mode heat transfer was changed

from the effective conductivity, kf , to the effective heat transfer coefficient, hf . This

is because the thermal resistances across the jumping-drop diode do not depend on

the separation between the plates (H) in the forward mode, making hf more intuitive

to use since it also does not depend on H. The effective heat transfer coefficient was

calculated using,

hf =Q/(Aw∆T ), (7.1)

where ∆T was the measured steady-state temperature drop between the copper

plates at a given power input Q, and Aw was the cross-sectional area of the wick

structure. Note that Aw was used instead of the total cross-sectional area A that

includes the surrounding gasket, because in the forward mode the heat transfer is

occurring entirely through the inner chamber via the latent heat of vaporization.

Since Aw = 37.2 cm2 and the maximum cooling power of the circulating chiller is

about 750 W, this results in a maximum heat flux of about 20 W/cm2, an order

of magnitude increase from Chapter 6 and reasonably large given the considerable

cross-sectional area of the chamber. The jumping-drop thermal diode was tested

with the superhydrophobic condenser on top, called the ‘with gravity’ orientation,

and also flipped over to the ‘against gravity’ orientation to verify independence from

gravitational effects. A sideways orientation was previously demonstrated to perform

identically to the other two orientations (Chapter 6) and for simplicity was not used

in this study.

Two high-precision thermistors (Omega 44131) were used to measure the steady-
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Figure 7.1: Experimental setup to characterize the effective heat transfer coefficient
(Eq. 7.1) of the jumping-drop thermal diode in the forward mode.

state temperature drop between the copper plates (∆T ) required to calculate Eq. 7.1.

The experimental uncertainty of measuring ∆T was ± 0.05 ◦C, as determined by

sweeping the two thermistors in a lumped mass over a wide temperature range. The

thermistors were drilled into the side of each copper plate roughly LCu≈1 mm away

from the functional surface (indicated by the small black holes in Fig. 7.1), resulting

in a very small temperature drop across the solid copper itself of (AQ)/(kCu · LCu) for

each plate, where kCu≈ 400 W/m·K. This temperature drop across the solid copper,

while minor, was nevertheless subtracted from the experimentally measured ∆T to

more accurately gauge the exact temperature drop between the plates. It should

be noted that the temperature drop between the plates accounts for any thermal

resistances across the wick structure (Hw) and across the vapor space (Hv).

7.2.3 Degassing

A new vacuum system was employed to more effectively remove the non-condensible

gas from the jumping-drop thermal diode (Fig. 7.2). A digital vacuum gauge (LJ En-

gineering DVG-2) accurate to± 0.1 inHg was connected to the thermal diode chamber

on the opposite side of the connected vacuum pump (Edwards RV3), to ensure that

its pressure reading accurately reflected the pressure inside of the thermal diode. By

utilizing a three-way ball valve, the syringe for water injection was connected to the
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same port as the vacuum pump. To minimize vapor flow into the digital pressure

gauge during operation, an on/off valve was placed between the thermal diode and

the vacuum gauge, such that the vacuum gauge was only open to the vapor chamber

during the vacuum pull and not during normal operation.

Enough deionized water to saturate the wick was first injected into the sealed

thermal diode chamber at atmospheric pressure. Water volumes of 1.0, 1.5, 2.5, and

4.25 mL were used for wick thicknesses of Hw = 0.25, 0.5, 1.0, and 2.0 mm, respec-

tively. The amount of water injected exceeded the empty volume inside the wicks

by 0.5 mL to accommodate for minor losses in the pipes and from the subsequent

vacuum pulls (it was experimentally discovered that only 0.25 mL extra was needed

for the 2.0 mm wick).

Once the thermal diode reaches steady-state with a circulator temperature of

50 ◦C and a heater power of 5 W, the chamber was simultaneously opened to the

vacuum gauge and vacuum pump until a quasi-steady-state absolute pressure of

about 13.6 kPa was obtained. This pressure corresponds to the saturation pressure

of water vapor at 52 ◦C, which was the average temperature of the vapor chamber

when the vacuum was pulled. Even when the vacuum was pulled at other heat sink

temperatures, the quasi-steady-state pressure reading always corresponded to the

saturation pressure of the water vapor to within 1 kPa. This strongly indicates that

the quasi-steady-state pressure represents the point at which the non-condensible gas

has predominantly been evacuated from the chamber, leaving mostly water vapor.

It must be emphasized that while water vapor is also being removed from the cham-

ber during the wet vacuum, unlike the non-condensible gas it can be continuously

replenished by the water reservoir in the wick. The thermal diode is closed off from

both the vacuum pump and the vacuum gauge as soon as the quasi-steady-state

pressure reading is reached, to preserve the majority of the water/vapor inside of

the chamber. The heater power of 5 W used during the wet vacuum corresponds to
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a very low heat flux of approximately 0.1 W/cm2, to minimize the vapor flow and

better preserve the water inside of the chamber.

While this methodology is effective for removing the vast majority of the non-

condensible gas in the vapor space, it was observed that small amounts of gas still

trapped in the liquid reservoir were gradually released into the vapor space during

operation, particularly at high vapor temperatures. Therefore, after this primary

vacuum was attained, the system was held at steady-state operation at 80 ◦C and

50 W to degas the water. A very brief secondary vacuum was then pulled back at

50 ◦C and 5 W to remove the non-condensible gas that was released into the vapor

space by the water. These final steps were repeated if necessary until the heat transfer

performance reached a consistent level that indicates peak performance. It should be

mentioned that it is possible that trace amounts of non-condensible gas still remain

in the system, but is now expected to be negligible compared to the other thermal

resistances in the system. The difference in performance between a chamber with only

a primary vacuum versus a fully optimized chamber with secondary vacuums can be

seen in Fig. 7.4. In additional experiments, a vacuum regulator (LJ Engineering 329-

DP) was used to intentionally preserve a controlled concentration of non-condensible

gas in the chamber, also seen in Fig. 7.4.

7.3 Results

7.3.1 Effects of Non-condensible Gas

Using an improved vacuum methodology (detailed in Sec. 7.2.3), the forward mode

performance of a jumping-drop chamber with negligible non-condensible gas was

compared to a previously reported chamber (from Fig. 6.6) with ≈ 3 kPa of non-

condensible gas still trapped inside (Fig. 7.3). Using a constant power of 50 W and

sweeping the heat sink temperature from 0 ◦C to 80 ◦C by 10 ◦C increments, the

degassed chamber exhibited complete orientation independence even at vapor tem-
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Figure 7.2: Vacuum system for the revised jumping-drop thermal diode: 1. vacuum
pump; 2. vacuum regulator; 3. three-way ball valve; 4. syringe for water injection;
5. on/off valves; 6. digital pressure gauge.

peratures exceeding 80 ◦C. This is in sharp contrast to the original chamber, where

boiling effects caused orientation-dependent behavior and/or dryout for tempera-

tures above 50 ◦C, even for powers as low as 15 W (0.4 W/cm2). It can therefore be

concluded that the onset of boiling in the original chamber was promoted by the

presence of the non-condensible gas. The comparison also reveals that the suddenly

increased slope of the heat transfer curve in the original chamber between 40 ◦C

and 50 ◦C was most likely a result of early onset boiling suddenly enhancing the

phase-change heat transfer, as no such increase occurs with the degassed chamber.

Besides causing boiling problems, it can be seen that the gas in the original chamber

diminished the effective heat transfer coefficient (hf ) at lower vapor temperatures

by 1 – 2 orders of magnitude compared to the degassed chamber, as the gas diffusion

resistance becomes increasingly debilitating at lower vapor pressures for even small

concentrations of non-condensibles [141].

To more fully illustrate the dramatic effects of non-condensible gas on hf , a vac-

uum regulator was used to controllably vary the gas concentration (Fig. 7.4). Using
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Figure 7.3: Comparison of the forward mode effective heat transfer coefficient hf
versus the average vapor temperature Tv for a jumping-drop chamber that was de-
gassed with an equivalent chamber where approximately 3 kPa of non-condensible
gas were still trapped inside (from Fig. 6.6). Both chambers used a wick thickness
of Hw = 1.0 mm, and the overall separation H was 2.5 mm and 2.6 mm for the de-
gassed and original chambers, respectively. The dotted line represents the theoretical
model for a degassed chamber provided by Eq. 7.4, in good agreement with the fully
evacuated chamber only.

the vacuum regulator, the thermal diode was pulled to absolute pressures of 25 kPa

and 50 kPa, and additionally there was no vacuum pulled at all for a third trial.

The thermal diode was first injected with the working fluid and heated to about

40 ◦C (Pv≈ 7 kPa) before pulling the vacuum, corresponding to non-condensible gas

pressures of approximately 18 kPa, 43 kPa, and 1 atm. With such large levels of non-

condensible gas, the gas-difussion thermal resistance is sure to dominate over the

interfacial and wick resistances, as evidenced by the effective heat transfer coefficient

hf increasing exponentially over all vapor temperature without changing behavior or

plateauing to a maximum value. While all three concentrations of non-condensible

gas seemed to exhibit the same exponential slope, the hf values are offset depending
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Figure 7.4: Semi-log plot illustrating how hf changes by orders of magnitude de-
pending on the non-condensible gas concentration. From bottom to top, the first
three data series represent an atmospheric chamber and regulated gas concentra-
tions of 43 kPa and 18 kPa. The upper data series, shown for both orientations,
represent the performance of the chamber after a primary vacuum only and after
secondary vacuums, using the degassing methodology outlined in Sec. 7.2.3. The
degassed chamber agrees with Eq. 7.4 (dotted line). For all trials, H = 2.5 mm and
Hw=0.5 mm.

on the amount of gas in the system. The dominance of the gas-diffusion resistance

over interfacial resistances was confirmed by replacing the superhydrophobic con-

denser with a smooth hydrophobic condenser for the 18 kPa case with no appreciable

change in performance. Note that a heater power of only 10 W (0.3 W/cm2) was

used to characterize the regulated chamber, as the poor heat transfer resulted in

very large temperature differences between the plates even at low powers.

7.3.2 Model of the Effective Heat Transfer Coefficient

When using the optimized vacuum methodology outlined in Sec. 7.2.3, the hf versus

Tv curve reached an upper value (solid data points in Fig. 7.4) that was consistent
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and could not be exceeded even when additional secondary vacuums were pulled.

Since hf is well known to be sensitive to even trace amounts of non-condensible gas

[144], particularly at low temperatures [141], this indicates that a negligible amount

of gas now remains in the chamber.

Assuming that the chamber is sufficiently degassed, the complex gas-diffusion

resistance may be neglected while the interfacial phase-change resistance becomes

significant. Kinetic theory yields an effective heat transfer coefficient (hi) at an

interface of phase-change [93],

hi ≈
2α̂

2− α̂
ρvh

2
lv

Tv

(
M

2πRTv

)1/2

, (7.2)

where ρv, hlv, and M are the density, latent heat, and molecular weight of the sat-

urated water vapor at a temperature Tv, R is the universal gas constant, and α̂ is

the accommodation coefficient. Note that the accommodation coefficient is typically

α̂ ∼0.1 for quasi-static water surfaces, although larger values are possible for dy-

namically renewing surfaces [145]. Because the specific value of the accommodation

coefficient varies between systems, its value is almost always empirically defined to

best fit the experimental data of a given phase-change system [145]. For pure vapor,

the interfacial resistance is approximately an exponential function of the vapor tem-

perature because of the rapidly increasing vapor density [146]. It should be noted

that the interfacial heat transfer coefficient, hi, represents the heat transfer at an

evaporating or condensing interface only and is not to be confused with the effective

heat transfer coefficient hf , which is a summation of all thermal resistances between

the plates in the forward mode.

Assuming negligible gas effects, the effective heat transfer coefficient in the for-

ward mode (hf ) is dependent on the conduction resistance across the wick and the
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interfacial resistances across the evaporator and condenser,

1

hf
≈
(
Hw

kw
+

1

hi
+

1

χ̂hi

)
, (7.3)

where Hw is the thickness of the wick structure and kw is the effective conductivity of

the water-soaked wick. The numerical coefficient χ̂ accounts for the partial coverage

of dropwise condensate on the condenser surface (≈ 40% from Fig. 5.2b), and the

fact that the actual surface area of a drop open to additional condensation is larger

than its projected area on the condenser (2X for hemispherical drops [147]); for our

system, χ̂ is expected to be of order 1. There are other thermal resistances across the

condensate drops, including the capillary resistance (important for nanometric drops)

and the conduction resistance (important for millimetric drops) [93]. However, for

self-propelled dropwise condensate with micrometric average diameters (Fig. 5.2a),

the interfacial resistances are expected to dominate [146].

Assuming that α̂ is approximately the same value for both the evaporating and

condensing interfaces and using χ̂= 1, Eq. 7.3 simplifies to,

1

hf
≈
(
Hw

kw
+

2

hi

)
. (7.4)

The wick conductivity was kw= 38 W/m·K [143] and the accommodation coefficient

used in Eq. 7.2 to model hi was set to α̂ = 0.09 to fit Eq. 7.4 to all of the experi-

mental data reported in this chapter. The experimental values for hf versus Tv in

the degassed chamber agrees well with Eq. 7.4 (dashed line in Fig. 7.3). To more

systematically verify the model, however, the parameters of the jumping-drop vapor

chamber should be varied. Due to the approximately exponential dependence of hi on

Tv, it is expected that hf is dominated by interfacial resistances at low temperatures,

and by the wick resistance at high temperatures. Therefore, at larger temperatures,

hf should plateau to a maximum value determined by the wick resistance, which was

tested in the following section by varying the thickness of the wick structure.
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7.3.3 Thickness of Wick Structure

The forward mode heat transfer results for degassed chambers with 0.5 mm, 1.0 mm,

and 2.0 mm wick structures were compared with Eq. 7.4 in Fig. 7.5 using a constant

heater power of Q= 50 W over a wide range of vapor temperatures. When varying

the wick thickness, the average particle size of the wick structure was kept constant

at 100µm. It can be seen that the performance of hf versus Tv for all three wick

thicknesses agrees with Eq. 7.4 to within the experimental uncertainty of the ther-

mistor measurements. All three wicks demonstrated orientation independence over

the entire temperature range, validating the jumping-drop thermal diode’s ability to

operate independently of gravity. Steady-state results could not be readily obtained

for the 0.25 mm wick due to dryout, perhaps due to an insufficient number of particle

layers in the wick resulting in poor water distribution across the evaporator.

At lower temperatures below Tv= 25 ◦C, the interfacial resistance is more signif-

icant, resulting in all three wicks exhibiting similar heat transfer coefficients since

hi is only dependent on the thermodynamic properties of the water vapor (Eq. 7.2).

Above temperatures of Tv= 25 ◦C, however, the wick resistance becomes increasingly

dominant, causing the heat transfer coefficient to plateau to a maximum value de-

pendent on the thickness of the wicks. The maximum heat transfer coefficients are

inversely proportional to the thickness of the wick structure, confirming the prelim-

inary model presented by Eq. 6.2. If the thickness of the wick structure could be

further decreased while avoiding dryout, hf (and by extension, η) could potentially

be increased further, although it should be noted that these improvements would

only become evident for temperatures well above Tv= 25 ◦C.

7.3.4 Vapor Space and the Jumping Limit

When varying the thickness of the wick structure in Fig. 7.5, the resulting vapor

space also varied slightly. A gasket thickness of H = 2.5 mm was used for the 0.5
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Figure 7.5: The effective heat transfer coefficient (hf ) versus the average vapor
temperature (Tv) using wick thicknesses (Hw) of 0.5 mm (green), 1.0 mm (blue),
and 2.0 mm (purple) and a vapor space (Hv) of 2.0, 1.5, and 1.7 mm, respectively.
The average particle size of the wick structure was 100µm for all cases. All three
wicks agree with Eq. 7.4 to within the experimental uncertainty of the temperature
measurements (error bars shown only for the ‘with gravity’ orientation for clarity).

and 1.0 mm wicks and a thicker gasket of H= 3.7 mm was used to accommodate the

2.0 mm wick, resulting in vapor spaces of Hv = 2.0, 1.5, and 1.7 mm, respectively.

This provides an opportunity to experimentally pinpoint the maximum value for Hv

beyond which orientation-independence is lost. Above a critical Hv,max, the jumping

condensate will become unable to consistently return to the wicked evaporator in the

‘against gravity’ orientation, eventually resulting in dryout. It should be noted that

this ‘jumping limit’ is also dependent on the viscous drag exerted on the jumping

drops by the opposing vapor flow (even in the ‘with gravity’ orientation), but at

low heat fluxes is expected to be exclusive to the ‘against gravity’ orientation and

predominantly dependent on Hv.

For Hv= 1.5 and 1.7 mm, the performance of the chamber in the ‘against gravity’
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orientation was stable and identical to the ‘with gravity’ orientation over the full

range of vapor temperatures tested (blue and purple data series in Fig. 7.5). For the

Hv = 2.0 mm chamber, the ‘against gravity’ orientation was also equivalent to the

‘with gravity’ orientation, but would often dry out at higher vapor temperatures.

This can be seen in the green (upper) data series in Fig. 7.5, where the hf values are

still orientation-independent, but no data points could be collected above Tv= 50 ◦C

in the ‘against gravity’ orientation due to dryout occurring.

Since dryout never occurred for the slightly smaller vapor space of Hv= 1.7 mm,

and the time and/or temperature when dryout first occured with Hv = 2.0 mm was

somewhat random, it can be reasonably assumed that the critical vapor space for

the jumping limit is Hv,max ≈ 2.0 mm for the superhydrophobic condenser used here.

This was verified by additionally using the H= 3.7 mm gasket with the Hw= 1.0 mm

wick, resulting in an even larger vapor space of Hv = 2.7 mm. In the ‘with gravity’

orientation, hf versus Tv for the 1.0 mm wick did not change when increasing Hv

from 1.5 mm to 2.7 mm (Fig. 7.6), further validating the thermal resistances mod-

eled in Eq. 7.4 which have no dependence on Hv. In the ‘against gravity’ orientation,

however, dryout occurred almost immediately with Hv= 2.7 mm even at low temper-

atures, confirming that the jumping limit is Hv,max ≈ 2.0 mm.

Theoretically, the jumping limit can be very loosely estimated to an order of

magnitude by calculating the initial velocity of a jumping drop (Eq. 5.3). It must

be emphasized that Eq. 5.3 neglects the inefficiency inherent to the conversion of

the merging drops’ surface energy to kinetic energy. The efficiency of the jumping

process in an evacuated chamber is not yet known, but the ratio of the experimental

jumping velocity to the theoretical value predicted by Eq. 5.3 was ≈ 0.2 in an open

environment (Fig. 5.5). While the average size of jumping dropwise condensate

is a∼ 10µm (Fig. 5.2a), accommodating the largest drops of size a∼ 100µm into

Eq. 5.3 results in ui∼ 1.0 m/s. Assuming that the experimental velocity is still ≈ 20%
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Figure 7.6: In the ‘with gravity’ orientation, hf versus Tv remains constant when
increasing the vapor space from Hv = 1.5 mm to 2.7 mm. In the ‘against gravity’
orientation, however, the jumping limit of Hm

v ≈ 2.0 mm results in dryout when
Hv = 2.7 mm. All data shown here used an equivalent 1 mm wick heated to 50 W,
and agrees with Eq. 7.4 (dotted line).

of the capillary-inertial velocity, the theoretical maximum jumping height against

gravity is ∼ 1 mm, the same order of magnitude as the experimentally determined

Hv,max ≈ 2.0 mm.

7.3.5 Diodicity

To calculate the diodicity (Eq. 6.1), the measured values of the effective heat transfer

coefficient were converted to the corresponding effective forward conductivity by

kf = hfH. The effective conductivity in the reverse mode, kr, was 0.29 W/m·K

(Chapter 6). Now that the thermal diode system is more effectively degassed, it can

be seen that the diodicity is now consistently on the order of η∼ 100 even at lower

temperatures (Fig. 7.7), a significant improvement from the previous results where

η∼ 1 – 10 at lower temperatures due to gas effects (Fig. 6.6). At higher temperatures,
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Figure 7.7: The forward thermal conductivity (kf ) and diodicity (kf/kr) versus the
average vapor temperature (Tv) for a degassed chamber. H= 2.5 mm, Hw= 1.0 mm,
andQ= 50 W. The reverse conductivity is taken to be a constant value of 0.29 W/m·K
from Chapter 6.

the diodicity plateaus to η≈ 200 and could be expected to be as high as η≈ 350 for

the 0.5 mm wick based on Fig. 7.5.

7.4 Conclusion

1! The improved jumping-drop vapor chamber has a forward mode heat transfer

coefficient of hf∼ 10 kW/m2 and a diodicity of η∼ 100 over a wide range of temper-

atures from 10 ◦C to 85 ◦C. The two dominant thermal resistances for the forward

mode heat transfer are the interfacial phase-change resistance and the conduction

resistance across the wetted wick. The interfacial resistance plays a stronger role at

lower vapor temperatures, but at higher temperatures the heat transfer plateaus to

a maximum value corresponding to the wick resistance. Minimizing the thickness of

the wick structure maximizes the values of hf and η.
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The jumping-drop vapor chamber was found to operate independently of orien-

tation in the forward mode provided that height of the vapor space was less than

2 mm, to allow for the superhydrophobic condensate to jump across the chamber

against gravity. The theoretical model agrees with the results within experimental

uncertainty, and can serve as a guideline for further optimization of the jumping-drop

thermal diode system. While the planar jumping-drop vapor chamber is inherently

a thermal diode, the absence of a capillary limit also makes it appealing for potential

use as a more traditional heat spreader, particularly for large-area applications.
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8

Conclusions and Future Work

8.1 Conclusions

In conclusion, all three objectives outlined in Chapter 1 have been accomplished.

First, it was discovered that an intermediate (Partial Wenzel) wetting state is uniquely

possible with two-tiered superhydrophobic surfaces, where both deposited and con-

densed drops may wet the microscale roughness without wetting the nanoscale. Sec-

ondly, it was found that unlike Full Wenzel drops, these Partial Wenzel drops may

be reversibly dewetted from the surface, using mechanical vibration or a jumping-

drop phenomenon that naturally occurs during coalescence. Finally, the jumping

condensate was utilized in a novel phase-change thermal diode device demonstrating

a diodicity of over 100, the first diode to do so without relying on gravity or being

constrained by a one-dimensional configuration.

8.2 Future Directions

8.2.1 Anti-dew Superhydrophobicity

Besides its potential for heat transfer, the ability of a superhydrophobic surface to

quickly and passively remove dew from the surface at microscopic length scales has
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the potential to enable anti-dew and anti-fogging materials. Just as with heat transfer

applications, it is desired to continuously remove the dew from the surface at the

smallest length scale possible. There are several challenges remaining for optimizing

the early removal of dew from a superhydrophobic surface, outlined below:

Removing drops that do not jump upon coalescence – One challenge not yet men-

tioned is that even on surfaces where jumping readily occurs at a micrometric drop

size, it is observed that some drops continue to grow on the surface to a millimetric

size without being removed from the surface, even against gravity. This is very odd,

as dew typically begins jumping upon coalescence at a size of ∼ 5µm, and it is es-

timated that about 400,000 coalescence events occur for a drop to grow to 1 mm in

size [112], so clearly in some cases jumping is not occurring upon drop coalescence

even for drops above the critical 5µm size. The likely answer to this mystery is

that in the scenario of small drop(s) coalescing with a much larger drop, not enough

surface energy is gained to remove the merged drop from the surface [48]. This effect

only gets amplified as trapped drops grow increasingly large, since the probability of

coalescence with a similar-sized drop becomes increasingly unlikely and the amount

of surface energy gained upon coalescence decreases with increased drop size. There-

fore it would be of interest to attempt to control the nucleation sites of the surface

to minimize discrepancies in drop size, or alternatively use vibration or gravity to re-

move these larger millimetric drops that may otherwise become trapped and prevent

anti-dew.

Mechanism for how nanoscale textures repel condensation – It is still not well

understood why condensation tends to penetrate microscale textures on a superhy-

drophobic surface, but not nanoscale textures. To date, all reported instances of

quasi-spherical and spontaneously jumping condensate occur on surfaces that ex-
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hibit nanoscale or two-tier roughness. The current limitation with nanoscale studies

is that no technique can intimately probe the wetting state of its condensate to draw

any definitive conclusions (although environmental scanning electron microscopes are

getting close). Therefore all theories for why nanoscale roughness uniquely repel con-

densate remain theoretical. Interestingly, no current study has systematically varied

the length scale of nanoscale surface roughness to identify the critical size for con-

densate to spontaneously jump from the surface. A future study could perhaps use

e-beam lithography to fabricate a variety of superhydrophobic nanotextures, whose

condensation patterns could be observed using environmental scanning electron mi-

croscopy.

8.2.2 Jumping-drop Thermal Diode

While much progress has been made concerning the development, modeling, and

optimization of the jumping-drop thermal diode, there are many avenues for future

work, briefly summarized below:

Systematic variation of average pore size in wick structure – It has been demon-

strated in Chapter 7 that minimizing the thickness of the wick structure is crucial

for maximizing the performance of the jumping-drop thermal diode in the forward

mode. It would also be of interest, however, to vary the particle size of the wick

structure to study its effect on the effective heat transfer. Recently, wicks with vary-

ing particle diameters have been obtained to measure the effect of the pore size on

the onset of boiling, and preliminary results indicate that finer particle sizes result

in significant larger applied heat fluxes before dryout. Future work could also utilize

wicks composed of smaller-sized particles, to allow for a thinner wick that is still

robust and composed of multiple rows of particles. This could further minimize the

thermal resistance while also shedding light on the mechanism for dryout currently
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occurring with thin wicks.

Study of jumping-drop dynamics in a degassed chamber – At a critical vapor

spacing, (Hv), drops become unable to consistently jump back to the evaporator

against gravity and/or the opposing vapor, ruining the orientation independence of

the system. To better understand the nature of this jumping limit, the thickness of

the rubber gasket and the velocity of the opposing vapor flow could be systemati-

cally varied in a future study. To completely understand the physics governing the

jumping-drop diode (including the Hv limit), the dynamics and distribution of the

dropwise condensate need to be studied in an evacuated chamber, which is expected

to deviate from the measurements in open air.

Stability of hydrophobic coating on the superhydrophobic condenser – Superhy-

drophilic wick structures have been used in closed phase-change systems for decades,

and remain robust even after years of operation provided that the vacuum seal is

air-tight. The use of a superhydrophobic surface in a phase-change system, however,

is novel and its long-term durability remains an open question. The primary concern

for superhydrophobic condensers is the durability of the hydrophobic surface coating;

this is the same problem that has been inhibiting smooth hydrophobic condensers

from being used industrially for decades. Even though it has been known for nearly

a century that hydrophobic dropwise condensation is more effective than hydrophilic

filmwise condensation, the latter is still the industry standard because the hydropho-

bic coating required for dropwise condensation wears out at small thicknesses but

causes too much thermal resistance at large thicknesses [49]. Superhydrophobic con-

densers face this same limitation, however it seems increasingly likely that a solution

will eventually be found. Progress has been made in fabricating durable superhy-

drophobic surfaces from materials that are intrinsically hydrophobic in the bulk,

119



which removes the need for fragile surface coatings entirely [148, 149, 150]. It has

also been reported that nanoscale roughness can promote dropwise condensation

even on bare hydrophilic metals [151], possibly by trapping metastable air pockets

in the nanoscopic cavities upon coalescence [152]. Since the thermal resistance of

the hydrophobic coating is currently negligible compared to the other thermal resis-

tances in the jumping-drop thermal diode system, it is also possible that a durably

thick hydrophobic coating could be applied while still maintaining a reasonably large

diodicity. Finally, it should be mentioned that the thiol coating currently used for

the superhydrophobic condenser becomes unstable at temperatures approaching 50

◦C; using a silane coating for future research should resolve this thermal stability

issue.

Investigating practical applications for the jumping-drop thermal diode – The most

practical applications for the jumping-drop thermal diode are solar water heating and

the thermal management of buildings. The thermal losses of a solar water heater

during nighttime could be compared to an equivalent solar water heater paneled with

a jumping-drop thermal diode. Similarly, the air-conditioning costs for an insulated

building in the summertime could be compared to the same building now outfitted

with a jumping-drop thermal diode wall panel. In many climates, it would be of

interest to reverse the polarity of the jumping-drop thermal diodes used for buildings

when the seasons change. This could be done mechanically, by simply flipping the

thermal diode panel around on hinges. If the wettability of both inner surfaces

could be reversibly switched between superhydrophobicity and superhydrophilicity,

the polarity could be reversed without resorting to the physical movement of the

diode.
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Appendix A

Evaporation Process of Water/Ethanol Mixture

The evaporation process of a 2:1 water:ethanol mixture is shown in Fig. S1. Im-

ages were recorded for a 2.25 µL drop of 2:1 water:ethanol mixture on a lotus leaf

evaporating in the ambient air. The drop volume was calculated from the images as-

suming a spherical cap. In Fig. S1, the drop volume quickly diminished from 2.25 µL

to 1.51 µL in 5 minutes. After the first 5 minutes, the rest of the evaporation process

was much slower and approximately followed the d2-law [103] of the evaporation of

a single-component drop. The surface tension of water and ethanol are respectively

0.073 N/m and 0.023 N/m at room temperature. The relative evaporation rate of

water and ethanol depends on the humidity and the drop shape. Under typical lab-

oratory conditions, the relative evaporation rate (compared to Butyl Acetate) is 0.3

for water and 1.4 for ethanol 1.

The evaporation of a spherical drop of a single-component liquid in air is governed

by the so-called d2-law, which states that the square of the drop diameter decreases

linearly with time. For a single-component drop with an apparent contact angle

1 http://www.ilpi.com/msds/ref/evaporationrate.html
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Figure A.1: The time-lapsed volume of a drop of 2:1 (vol.) water:ethanol mixture
evaporating on a lotus leaf. The dashed line is a linear extrapolation of V 2/3 using
data between 5 and 30 minutes.

around 140◦, its evaporation behavior can be approximated to the first order by

the d2-law for spherical drops. The drop volume to the 2/3 power (V 2/3, which is

proportional to d2) exhibits a linear relationship with time after the first 5 minutes.

This behavior indicates that most of the ethanol has evaporated in the first 5 minutes,

and the drop is essentially pure water afterwards. The amount of water evaporated

in the first 5 minutes was estimated to be 0.13 µL by linear extrapolation of the d2-

curve, and the remaining 0.61 µL of evaporation was attributed to that of ethanol.

Note that the ratio of the estimated evaporation rates is consistent with the ratio

of reported relative evaporation rates. Based on these calculations, the ethanol

concentration in the drop is estimated to be below 10% by volume after 5 minutes.
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Appendix B

Resonance Frequencies of a Pinned Drop

The resonance modes can be modeled assuming small amplitude oscillations of a drop

with pinned contact line shown in Fig. S2 [108]. Briefly, the resonance frequency (ω)

of the 1D capillary-gravity wave is given by,

ω2
j =

(
gqj +

γ

ρ
q3
j

)
tanh

(
V

πa2
qj

)
, (B.1)

where g is gravitational acceleration, γ and ρ are the surface tension and density of

the liquid drop, V is the drop volume, and a is the contact radius. The wave vector

(qj) associated with the ‘j’ mode is given by,

qj =
π(j − 0.5)

p
, j = 1, 1.5, 2, 2.5, . . . (B.2)

where p = Rθ∗ is the half arc length, and the drop radius R is related to the drop

volume and the apparent contact angle (θ∗) [52] by,

R =

(
3V

π (1− cos θ∗)2 (2 + cos θ∗)

)1/3

. (B.3)
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Figure B.1: Schematic of a pinned Wenzel drop, where R is the radius of the drop,
a is the contact radius, θ∗ is the apparent contact angle, and p is the half arc length.

The contact radius is a = R sin θ∗.

For a 1.5 µL drop used in Fig. 5, the apparent contact angle was measured to

be 140± 5◦. The theoretical predictions for the resonance frequencies are 32 Hz for

the j = 1 mode and 101 Hz for the j = 1.5 mode, matching the first two resonance

frequencies experimentally measured as 30± 2.5 Hz and 100± 2.5 Hz.

124



Appendix C

Simple Recipe for Superhydrophobic Copper Plate

The following recipe, adapted from [139], was used to render copper plates superhy-

drophobic for use in the thermal diode:

1) Obtain a pure copper plate.

2) (optional) For the best possible result, freshly mill the face of the copper plate

to minimize surface contamination/oxidation effects. Another option is to polish the

surface.

3) Soak in acetone for 10 minutes to degrease.

4) Soak in ethanol for 10 minutes to remove acetone.

5) Rinse with DI water and blow dry with nitrogen gun.

6) Place tape firmly over all parts of the plate that do not need to be rendered

superhydrophobic. This will allow for the superhydrophobic coating to only exist on

the center portion of the front face of the plate.

7) Mix 10mM AgNO3 in DI water (for 10% w/v bottle, use 17.1 mL AgNO3 per

1,000 mL DI water). Stir solution gently to ensure even concentration.

8) Place copper plate in AgNO3 solution for about 10 minutes. Sample should
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now look very black and will have robust two-tier roughness.

9) Very gently rinse plate in DI water, the silver coating is fragile so be delicate.

Dry sample, also very gently, with a light stream of nitrogen.

10) Remove the tape and make sure the plate is completely dry.

11) Soak in pure ethanol for about 1 minute to dehydrate the sample.

12) Coat the plate in whichever hydrophobic promoter you prefer. Our group

uses 2mM 1-HDT (1-hexadecanethiol) in pure ethanol and soaks for 15 minutes.

13) Soak in pure ethanol again for about 1 minute.

14) Gently blow dry with nitrogen gun

15) Test for SHPB, surface should be robust enough that deposited drops will

roll off even when the sample is completely flat.
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Appendix D

Thermal Diode Methodology

The following methodology was performed to ensure the optimal removal of non-

condensible gas from the thermal diode system:

D.1 Assembling the Thermal Diode

1) Place the wicked plate in the oxygen plasma asher for 5 minutes at 100 W power

to restore the wick’s superhydrophilicity. Cover the thermistor hole with a small

piece of Kapton tape before ashing to prevent thermal grease from contaminating

the sample.

2) Swab a thin, uniform layer of thermal paste onto the back face of the super-

hydrophilic plate and onto the front face of the cartridge heater plate. Bolt the two

plates together tightly to ensure optimal thermal contact. Place the cartridge heater

plate on top of the foam insulation to insulate the backside of the plate.

3) Select the desired EPDM rubber gasket to use. Clean the gasket by wiping

firmly with Kimwipes, ensuring that no thermal grease or dirt remains from previous

trials. In extreme cases, immerse the gasket for several minutes in an IPA bath and
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then a water bath before wiping clean.

4) Place the rubber gasket around the perimeter of the wick structure, lining up

the screw holes.

5) Place the superhydrophobic plate upside-down on top of the rubber gasket,

being very careful to line the holes up to minimize damage to the perimeter of the

superhydrophobic coating.

6) Select glass-filled nylon screws of the proper length to insert into the counter-

bored holes on the superhydrophobic plate. The screws should penetrate completely

through the rubber gasket into the threaded holes of the wicked plate, but not extend

longer than the wicked plate to avoid contact with the cartridge heater plate.

7) Bolt all of the screws through the thermal diode. Since the screwdriver is

stronger than the screw heads, care should be taken to only tighten each screw until

the screwdriver is about to slip in the screw head. To tighten any further will destroy

the screw head and make removing the screw very difficult. This will also ensure

that the tightness of the screws is as uniform as possible, to avoid asymmetries in

the vapor space.

8) Attach the digital vacuum gauge to one of the vacuum ports. Attach the

pump/syringe valve to the other vacuum port.

D.2 Testing for Leaks

1) Open all of the on/off valves, open the ball valve to the vacuum port, and pull a

test vacuum with the regulator all the way open.

2) Once the vacuum gauge has reached its maximum vacuum reading, close both

on/off valves.

3) Wait for at least five minutes, ensure that the reading on the vacuum gauge

does not decrease. If no decrease occurs, open up each on/off valve one at a time,

starting with the one closest to the vacuum gauge. This will ensure, one section at
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a time, that no leak is occurring. If a leak does occur, first tighten all connections

in that particular section and try again. If the leak still cannot be fixed, connect

the thermal diode to a nitrogen tank and pinpoint the leak by spraying soapy water

onto the outside of the diode and applying a positive pressure of a few atmospheres.

The soap bubbles will noticeably expand where the leak is present.

D.3 Charging the Chamber

1) Once it is ensured that the thermal diode has no leaks, open the ball valve to the

syringe port to let the atmospheric pressure back into the chamber.

2) Close the on/off valve between the pressure gauge and the diode chamber.

3) Fill a plastic syringe with the proper volume of deionized water. Attach syringe

to the leur lock and inject into the thermal diode.

4) Close the on/off valve between the diode chamber and the ball valve, remove

the syringe from the leur lock. The thermal diode should now be completely isolated

from the other components.

D.4 Degassing

1) Turn on the circulator and set the temperature to 50 ◦C. Turn on the power

supply to the cartridge heaters and set to 5 W (0.1 W/cm2). Coat the thermistors

with thermal grease and insert into the thermistor holes.

2) Place foam insulation on the top of the thermal diode to insulate the backside

of the superhydrophobic plate, place a weight on top to ensure that the insulation is

making uniform contact with the plates.

3) Turn on the data acquisition unit and wait until the temperature of both plates

reaches steady-state. Switch the thermistors back and forth to ensure equal thermal

contact with the plates. If one thermistor has a smaller temperature reading than

the other thermistor (particularly at higher temperatures), coat that thermistor with
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more thermal paste to improve its thermal contact. Leave the thermistors in place

once their interchangeability is consistent and smaller than 0.05 ◦C.

4) Once the system is at steady-state, turn the vacuum pump on and let it

warm up. Once the pump has been on for several minutes, open the on/off valve

between the diode chamber and the vacuum gauge and also open the on/off valve

between the diode chamber and the vacuum pump. Once the vacuum gauge reaches

a quasi-steady-state vacuum pressure, that should loosely correspond to the vapor’s

saturation pressure, close the on/off valve between the diode chamber and the vac-

uum gauge and then close the on/off valve between the diode chamber and the

vacuum pump. The pump can now be turned off, and the diode chamber should be

completely isolated.

5) Increase the cartridge heaters to the desired power, for example 50 W (1.3 W/cm2),

and raise the system to 80 ◦C for about an hour. Now that most of the non-

condensible gas has been removed, no boiling or dryout should occur even at this

high temperature (for the wick used here). At this increased heater power and sys-

tem temperature, trace amounts of non-condensible gas still trapped in the water

should be able to escape to the condensing interface.

6) Lower the circulator back to 50 ◦C. Lower the power back to 5 W and pull a

brief secondary vacuum for about one second. There is no need to use the pressure

gauge for this secondary vacuum, as the vacuum pressure is already known from the

initial vacuum.

7) Return the power to 50 W and compare the heat transfer performance to before

the vacuum was pulled. If the temperature difference between the thermistors has

decreased, then the non-condensible gas may not yet be optimized. Repeat steps

5 and 6 until the change in temperature doesn’t change after another secondary

vacuum, this means that the system’s peak performance has been reached and the

non-condensible gas has been minimzied.
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