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Abstract 

Controlling wetting, i.e. how drops interact and spread on surfaces, is of interest from 

a fundamental, physicochemical point of view and has relevance in many industrial 

processes like printing and spray coating. A great deal of attention is dedicated to the 

situation where drops ball up on a surface to minimize any contact between both. 

The reduced contact area results in a comparatively low adhesion force between the 

surface and the drop. Under certain conditions the lateral adhesion forces become 

so small, that drops easily move over the surface. A high drop mobility on a given 

surface is appealing for numerous applications, e.g. self-cleaning surfaces or the use 

of drops as microreactors. The non-wetting behavior results from entrapment of air 

pockets between drops and the surface. The entrapment of air pockets between both 

is either due to surface properties of the substrate, like in the case of super liquid-

repellent surfaces and the Leidenfrost effect, or due to surface properties of the drop, 

like in the case of liquid marbles. In the presented thesis, I introduce the 

fundamentals, discuss state of the art research and challenges, and finally present 

contributions in all three fields. 

Super liquid-repellent surfaces rely on surface chemistry and, most importantly, on a 

nano- to micrometer-sized surface texture which stabilizes the air pockets between 

drop and substrate. However, surface textures on this size scale have low wear 

resistance what hampers the practical breakthrough of super liquid-repellent 

surfaces so far. Much attention is thus dedicated improving the mechanical strength 

of super liquid-repellent surfaces, but consistent approaches to quantify the 

mechanical durability of such surfaces are missing. Ultimately, a consistent test 

protocol requires force-sensitive indentation measurements to obtain quantitative 

results. Here, I investigate the mechanical properties of candle soot-templated super 

liquid-repellent surfaces. First off, the influence of the soot collection height on the 

wetting properties of the surface is explored. Then, I investigate the role of the 

reaction parameters on the mechanical properties of the candle soot-based test 

system. Therefore, force-sensitive measurements using colloidal indenters mounted 

to a scanning probe microscope are conducted. Comparison of these results to 

wetting experiments allows the careful balance of mechanical strength against 

repellency. 

In the Leidenfrost state, a drop hovers on a hot plate due to steady evaporation of 

the liquid. This creates an air cushion between both, drop and surface, and prevents 

any contact between them. The Leidenfrost effect is only observed if the surface 

temperature of the substrate exceeds the boiling point of the liquid by a lower, critical 

value before the drop comes close to it. Otherwise, surface and drop contact and the 

drop quickly evaporates. Whereas this is known, it was shown recently that drops on 

a superhydrophobic surface can enter a Leidenfrost-like state, starting from ambient 

conditions by a continuous decrease of the surrounding pressure. The surface 

texture restricts the vapor flow of the evaporating water drop which leads to an 

upward force. This results in the drop to jump from the substrate and continuously 

bounce at increasingly higher heights. In my thesis, I show that not only a pressure-
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time gradient but also a temperature-time gradient can lead to a similar effect. In 

particular, jumping and bouncing is observed even on smooth hot substrates for 

elastic hydrogel balls containing more than 90 wt% water. This study connects 

controlled heat transfer to drop bouncing depending on the drop elasticity.  

Liquid marbles are powder encapsulated drops. In contrast to the two 

aforementioned approaches, the non-wettability of liquid marbles is a drop, not a 

substrate property. The particle powder shell of liquid marbles is porous and entraps 

air pockets. The shell prevents the inner liquid from wetting the substrate and affords 

high mobility both, on solid and liquid substrates. In terms of applications, they serve 

as flexible, microliter sized reservoirs to carry analytes and reactants. The movement 

of these reservoirs is under investigation to prepare drop delivery systems which are 

controllable in space and time. If necessary, the inner liquid can be released to 

initiate a reaction or analysis. In this thesis, I introduce photo-thermally responsive 

liquid marbles. Such liquid marbles can be propelled over the air-water interface to a 

desired place at a given timing. Propulsion of the liquid marble is generated by 

shining light on the shell material. The light is converted into heat and the heat 

dissipates into the water leading to a heat gradient on the water surface close to the 

liquid marble. This in turn causes a Marangoni flow on the water surface, pushing the 

liquid marble forward. The inner liquid can be on-demand released by an external 

stimulus. 

In conclusion, contributions in all three fields are presented leading to mechanically 

optimized super liquid-repellent surfaces and two strategies were exploited to move 

and manipulate drops using the Leidenfrost effect and liquid marbles. 
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Zusammenfassung 

Das Benetzungsverhalten von Tropfen kontrollieren zu können ist sowohl aus 

physikalisch-chemischer Sicht als auch für eine Vielzahl industrieller Prozesse, wie 

etwa die Sprühlackierung, von Relevanz. Dabei spielt vor allem die Wechselwirkung 

von Tropfen mit einer Oberfläche und welche Wölbung sie dabei annehmen eine 

entscheidende Rolle. Ein besonderes Augenmerk liegt dabei auf Tropfen, die nahezu 

sphärisch sind und somit ihren Kontakt mit der Oberfläche minimieren. Die Haftkraft 

der Tropfen an die Oberfläche wird dadurch deutlich reduziert. In einigen Fällen kann 

das dazu führen, dass die Tropfen sich leicht von der Oberfläche lösen lassen und 

über sie hinweg gleiten können. Auf diesem Effekt basierend wurden 

vielversprechende Anwendungen vorgeschlagen, z. B. selbstreinigende Oberflächen 

oder die Verwendung von Tropfen als Mikroreaktoren. Das geringe 

Benetzungsvermögen der Tropfen beruht auf Luftpolstern, die sich zwischen Tropfen 

und Oberfläche befinden. Diese Luftpolster resultieren entweder aus oberflächen- 

oder aus tropfenspezifischen Eigenschaften. Ersteres ist der Fall für super-

flüssigkeits-abweisende Oberflächen und den Leidenfrost-Effekt, Zweiteres für 

flüssige Murmeln. Die vorgelegte Dissertation erläutert die grundlegenden Konzepte 

dieser drei Herangehensweisen, geht auf aktuelle Forschungsentwicklungen ein und 

präsentiert eigene Forschungsbeiträge auf allen drei Gebieten. 

Ein Schlüsselelement super-flüssigkeitsabweisender Oberflächen sind 

Oberflächenstrukturen im Nano- bis Mikrometerbereich. Diese Strukturen sind 

allerdings empfindlich gegenüber mechanischer Beanspruchung, was deren 

großflächigen Einsatz bisher erschwert. Daher gibt es zahlreiche Bestrebungen, 

mechanisch verstärkte Oberflächen herzustellen. Die Charakterisierung der 

mechanischen Eigenschaften solcher Oberflächen ist allerdings nicht vereinheitlicht. 

Die mechanischen Eigenschaften werden üblicherweise mittels qualitativer Tests 

untersucht, wie etwa der Scheuertest. Nicht zuletzt sollten aber auch quantitative, 

d. h. kraft-sensitive Messungen durchgeführt werden, um einen Vergleich von 

Materialeigenschaften zu ermöglichen. In diesem Sinne untersuche ich die 

mechanischen Eigenschaften eines Kerzenruß-basierten Testsystems für super-

flüssigkeitsabweisende Oberflächen. Zunächst wird der Einfluss der Berußungs-

position innerhalb der Kerzenflamme auf die Benetzungseigenschaften evaluiert. 

Anschließend wird die Rolle der Reaktionsparameter auf die mechanische Stabilität 

beleuchtet. Dazu verwende ich Rasterkraftmikroskopie und als Eindringkörper wird 

ein Silikamikropartikel gewählt. Die Ergebnisse der Messungen werden mit dem 

Benetzungsverhalten der jeweiligen Oberflächen in Beziehung gesetzt, wodurch 

beides, mechanische Stabilität und Benetzungsverhalten, gegeneinander 

abgewogen werden können.  

Beim Leidenfrost-Effekt gleitet ein Tropfen kontaktlos über eine heiße Oberfläche. 

Die Temperatur der Oberfläche muss ausreichend hoch sein, bevor der Tropfen 

aufgebracht wird, damit eine rasche, primäre Verdampfung des Tropfens stattfinden 

kann und der Tropfen auf dem generierten Dampfpolster gleitet. Ist die Temperatur 

zu gering, kann es passieren, dass der Tropfen die heiße Oberfläche berührt und 
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zügig verdampft. Kürzlich konnte gezeigt werden, dass Tropfen, die sich auf einer 

wasserabweisenden Oberfläche befinden, auch von Umgebungsbedingungen 

ausgehend in einen Leidenfrost-ähnlichen Zustand übergehen können. Der 

Umgebungsdruck wird dabei sukzessiv vermindert; was die Verdunstungsrate des 

Wassertropfens beschleunigt. Der enstehende Wasserdampf kann durch die 

Oberflächenstruktur umgelenkt werden, was zu einer aufwärtsgerichteten Kraft führt. 

Der Tropfen löst sich daraufhin von der Oberfläche und beginnt graduell höher und 

höher zu springen. In meiner Dissertation zeige ich, dass nicht nur eine 

Druckänderung, sondern auch eine Temperaturänderung der Oberfläche zu einem 

ähnlichen Effekt führen kann. Unter anderem werden tropfenähnliche Hydrogele 

verwendet, die nahezu nur aus Wasser bestehen (>90 Gew%). Es wird gezeigt, dass 

Hydrogeltropfen durch einen Temperaturgradienten von flachen Oberflächen gelöst 

werden und danach kontinuierlich springen können. Diese Beobachtung setzt die 

kontrollierte Wärmeübertragung in Zusammenhang mit dem Springen von Tropfen 

und beleuchtet dabei die Rolle der Tropfenform und Elastizität.  

Bei flüssigen Murmeln handelt es sich um Tropfen, die mit Pulverteilchen ummantelt 

sind. Die Teilchenschale der flüssigen Murmeln ist porös und schließt Luftpolster ein. 

Diese Luftpolster verhindern, dass die innere Flüssigkeit mit dem Substrat in 

Berührung kommt. Im Gegensatz zu den beiden obigen Herangehensweisen sind 

die nicht benetzenden Eigenschaften nun an den Tropfen gebunden und nicht an 

das Substrat. Das führt dazu, dass flüssige Murmeln sowohl über feste als auch 

flüssige Substrate bewegt werden können. Studien zeigen, dass flüssige Murmeln 

vielversprechende Kandidaten sind, um effizient Flüssigkeitsmengen im 

Mikroliterbereich zu bewegen und anschließend an einem gezielten Ort wieder 

freizusetzen. Die nichtinvasive, ferngesteuerte Bewegung solcher flüssigen Murmeln 

ist dabei von großem Interesse. Um flüssige Murmeln gezielt und nichtinvasiv 

bewegen zu können, habe ich flüssige Murmeln hergestellt, deren Schalenmaterial 

Licht in Wärme umwandelt. Platziert man solche flüssigen Murmeln auf die Wasser-

Luft Grenzfläche, so kann man durch Lichteinstrahlung einen Hitze-basierten 

Marangoni Fluss auf der Grenzfläche erzeugen. Dieser schiebt die flüssige Murmel 

zügig in die entgegengesetzte Richtung der Lichteinstrahlung. Dieser Effekt kann 

durch die Kontrolle der Einstrahlung zeitlich wie auch räumlich koordiniert werden. 

Es wird ebenfalls gezeigt, wie die innere Flüssigkeit durch äußere Einflüsse gezielt 

freigesetzt werden kann, um eine Reaktion auszulösen.  

Zusammenfassend konnten mittels Oberflächenindentation mechanisch 

ausbalancierte, super-flüssigkeitsabweisende Oberflächen erhalten werden. 

Außerdem wurden der Leidenfrost-Effekt und flüssige Murmeln genutzt, um gezielt 

die Bewegung von Tropfen zu manipulieren. 
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1 Introduction 

From our daily life, it is clear that drops can wet and adhere to solid surfaces. 

This is e.g. the case for raindrops impacting a window: Initially, the drops stick to 

the window. Neighboring drops coalesce to puddles and finally slide off when 

gravitational forces dominate the lateral adhesion forces of the drops. In general, 

the drops slide off at high inclination angles and/or comparably high drop 

volumes (few hundreds µl to ml), leaving a water trail behind them. Interestingly, 

few cases can be found where drops behave differently, i.e. they do not wet the 

surface of the substrate but rather move like liquid spheres over them. The 

presented work deals with three approaches to yield such non-wetting surfaces 

and drops: i) Super liquid-repellency, ii) the Leidenfrost effect and iii) liquid 

marbles. Figure 1 summarizes the three different approaches to reduce the 

adhesion between the surface of a substrate and drops. The approaches all rely 

on entrapment of air between both, substrate and drop:  

 

Figure 1: Approaches towards non-wetting surfaces and drops by entrapping air 

between drop and substrate: Super liquid-repellency, the Leidenfrost effect and 

liquid marbles. An experimental image (left) and a schematic drawing (right) is 

shown for each approach. In part adapted from Ref1, 2 (with permission of The 

Royal Society of Chemistry) and Ref3 (adapted with permission, Copyright (2010) 

American Chemical Society). 
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Drops dispensed on super liquid-repellent surfaces have high contact angles 

and easily roll-off at low inclination angles. Amongst others, this can be observed 

on the lotus leave which was also name giving for the so-called lotus or self-

cleaning effect.4, 5 In contrast to a normal surface (Figure 2a), a drop rolls down a 

super liquid-repellent surface and collects any dust and dirt on its way without 

leaving any visible trail of liquid behind (Figure 2b). 

 

Figure 2: The Lotus effect. a) A drop slides off a smooth surface. Dirt particles 

along its way are redistributed on the surface. b) Drops roll-off a super liquid-

repellent surface. Dirt is taken up by the drop and removed from the surface. 

Reprinted with permission from Ref5. 

The principle behind super liquid-repellency is the presence of air cushions 

between drop and substrate: Though the drop seems to make firm contact with 

the surface macroscopically, it is suspended on only a few, generally 

hydrophobic, nm-µm sized surface protrusions.6-8 Consequently, the solid-liquid 

interaction is reduced by the air pockets and the surface tension of the liquid 

dominates the drop shape. The drop balls up like a sphere and a high contact 

angle at the three-phase contact line between surface, drop and air is formed. 

The air pockets also reduce the lateral adhesion force between drop and surface. 

This means that such drops readily start to move over the surface, even if only a 

small external force is applied to the drop. Surfaces which repel water at 

inclination angles of 10° and less and have high contact angles of more than 

150° are called superhydrophobic. If a surface repels both, water and low surface 

tension liquids, like oils, it is superamphiphobic. The term super liquid-repellency 

groups up both, superhydrophobicity and superamphiphobicity. 



Introduction 

 

15 

 

Similarly to the lotus leave, water drops can skate on a hot pan. On a sufficiently 

hot surface, a continuous water vapor film is formed under a drop, which prevents 

the drop from contacting the surface. This is known as the 

Leidenfrost effect.1, 9-11 The lateral adhesion becomes negligible and the drop 

moves almost frictionless over the surface. 

In both aforementioned cases, the peculiarities of the surface provide the non-

wetting properties and the low adhesion between drop and surface. The drop can 

also alter its wetting properties by “shielding” itself with hydrophobic particles. In 

nature, this can be observed when rain falls on hydrophobic soils: Initially, the 

water drops do not infiltrate the ground but are rather wrapped up by the soil. The 

hydrophobic soil particles adhere to the air-water interface and encapsulate the 

drops leading to so-called liquid marbles.12-16 The particle shell is porous and 

efficiently entraps air pockets. This prevents that the inner liquid contacts the 

substrate. Consequently, liquid marbles have a low adhesion to solid and even 

liquid substrates. 

Each approach entraps air pockets between substrates and drops in a different 

way, but all result in a non-wetting behavior between both. Using these 

approaches, drops in the order of µl to ml can be manipulated to achieve specific 

goals which can, for example, be transport, reaction, or analysis of the liquid.  

The presented work addresses specific questions in all three fields of research. 

Prior to this, topical parallels and differences between super liquid-repellency, the 

Leidenfrost effect and liquid marbles are highlighted. Furthermore, fundamental 

principles, the state of research and challenges of the respective fields are 

presented in the associated subchapters.  
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1.1 Conceptual similarities and differences in super liquid-

repellency, the Leidenfrost effect and liquid marbles 

Though different on the first glance, super liquid-repellent surfaces, the 

Leidenfrost effect and liquid marbles are connected by the principle to entrap air 

cushions between a drop and the surface of a substrate which was recently 

highlighted by McHale and Newton.16 In all three cases, a comparatively small 

normal and lateral adhesion force between drop and surface is observed. The 

normal force corresponds to the force required to detach the drop from the 

surface in a vertical direction, whereas the lateral adhesion force is the force 

required to make the drop move in a horizontal direction over the surface. 

External forces can e.g. be gravity acting on a drop: On a tilted surface, a drop 

starts to move if the gravitational force exceeds the lateral adhesion force 𝐹𝐿𝑎. 𝐹𝐿𝑎 

depends on the surface tension of the liquid 𝛾𝑙𝑣, and on the drop geometry right 

before the drop moves, i.e. the contact angle 𝜃𝑎𝑑𝑣 on the advancing side and 𝜃𝑟𝑒𝑐 

on the receding side. Furthermore, 𝐹𝐿𝑎 also depends on the drop contour 𝑅 which 

takes shape and length of the three-phase contact line into account:17, 18 

𝐹𝐿𝑎 = 𝛾𝑙𝑣𝑅𝑘(cos 𝜃𝑟𝑒𝑐 − cos 𝜃𝑎𝑑𝑣)      (eq. 1.1) 

𝑘 is an experimental fit factor to consolidate theory and experimental data. It 

accounts for surface inhomogeneities, e.g. when drops pin to small surface 

defects. 𝐹𝐿𝑎 decreases with decreasing contour factor, i.e. becomes smaller if the 

contact line between solid and liquid is broken and parts of it are replaced e.g. by 

a liquid-air interaction instead. 𝐹𝐿𝑎 is also reduced if cos 𝜃𝑟𝑒𝑐 − cos 𝜃𝑎𝑑𝑣 becomes 

small. In a strict sense, eq. 1.1 applies only for drops in direct contact with a solid. 

Still, one can argue that super liquid-repellent surfaces diminish the contour 

factor 𝑅 by breaking up the three-phase contact line due the air cushions. 

Furthermore cos 𝜃𝑟𝑒𝑐 − cos 𝜃𝑎𝑑𝑣 is comperatively small because the surface 

texture is coated with a low surface compound. In this sense, both lead to a small 

𝐹𝐿𝑎, what is in accordance with experimental observations. Eq. 1.1 can be also 

conceptually extended to describe the low lateral adhesion of drops in the 

Leidenfrost state and liquid marbles: cos 𝜃𝑟𝑒𝑐 − cos 𝜃𝑎𝑑𝑣 is almost negligible for 

drops in the Leidenfrost state and 𝑅 = 0 for liquid marbles because the liquid 

does not touch the solid substrate anymore.  
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The similarity of the three approaches can be underlined by conceptual 

conversion of one approach into the other which is shown in the following:  

i)  In the case of super liquid-repellent surfaces, the air cushions between 

drop and substrate are created by surface texturing of low energy materials: The 

drops rest on the asperities and entrap air cushions in-between drop, asperities 

and substrate. This is schematically shown in Figure 3a, for a pillar decorated 

superhydrophobic surface:  

 

Figure 3: Connection between super liquid-repellency and Leidenfrost: a) A drop 

rests on a pillar decorated superhydrophobic surface and entraps air. b) The 

solid-liquid contact is reduced by shrinking the diameter of the pillars. c) A drop 

levitates on its vapor cushion on a hot surface without touching any surface 

features (Leidenfrost state). The solid-liquid contact is zero.  

Super liquid-repellent surfaces are connected to the Leidenfrost effect by 

imagining that the size of the air pockets is constantly increased while the 

diameter of the pillars is steadily decreased (Figure 3b). The pillars are not 

existent anymore when the pillar diameter reaches zero. At this point, the drop 

hangs in mid-air on a continuous air cushion. This is precisely the case for a drop 

in the Leidenfrost state on a hot surface: It levitates on a cushion of its own vapor 

without touching any surface features. This results in a zero solid-liquid 

interaction (Figure 3c). 

ii)  A similar analogy can be drawn between super liquid-repellent surfaces 

and liquid marbles (Figure 4). The shape of a drop contacting a surface results 

from different factors like temperature, gravity and the way it is deposited. The 

shape particularly depends on the surface tension of the respective interfaces, 

i.e. solid-air γ
sa

, solid-liquid γ
sl

 and liquid-air γ
la

. The liquid-air surface tension γ
la

 

strives to reduce the overall energy by making the drop ball shaped. This results 

in a finite force acting on the three-phase contact line, trying to pull up the 
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substrate. In the case of super liquid-repellent surfaces this force is exerted on 

the asperities of the surface which contact the drop. Ideally, the asperities are 

strongly connected to the rigid substrate and withstand this stress (Figure 4a). In 

a different case, the asperities detached from the substrate either by a force 

exceeding the yield stress or due to an artificial detachment mechanism  

(Figure 4b). Interestingly, a drop in contact with the detached asperities does not 

spread on the substrate but the asperities rather attach to the drop interface and 

wrap it up (Figure 4c).  

 

Figure 4: Connection between super liquid-repellency and liquid marbles: a) A 

drop sits on a pillar decorated superhydrophobic surface and entraps air. b) 

Pillars detach from the substrate. c) Pillars assemble around the drop and shield 

it from the substrate (liquid marble). 

In this analogy, the asperities become the shell of a liquid marble. The particle 

can be seen as a mobile, super liquid-repellent layer coating the water drop. 

Depending on the kind of adsorbed particles the shell can be densely packed, 

e.g. with a monolayer of monodisperse nanoparticles, or be very porous, e.g. if a 

multilayer of µm to mm sized flocs attach to the drop. Anyhow, air is entrapped in 

between the particles reducing lateral adhesion and granting non-wettability 

between the inner liquid and the substrate.  

iii)  In the case of the Leidenfrost effect, the air layer under a drop is 

continuous, whereas it is discontinuous in the case of liquid marbles due to the 

adsorbed particles (Figure 5a and c). Practically, air pockets not only prevent 

wetting but also shield the drops thermally: The vapor layer and the air pockets 

are thermally insulating and efficiently suppresses the heat transfer between 

substrate and drop. This leads to unexpectedly long live times of drops in the 

Leidenfrost state and liquid marbles on hot surfaces. This similarity between 

Leidenfrost drops and liquid marbles was e.g. demonstrated by Aberle et al.19, 

where graphite coated liquid marbles and water drops both had similar lifetimes 
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of more than one minute on a 465 °C hot surface. This allows drawing a 

connection between the Leidenfrost state and liquid marbles, which can be 

allegorized by a liquid marble sitting on a hot surface (Figure 5b). The interface 

between a liquid marble and a substrate can be considered as a composite 

particle-air layer consisting of spacer particles and air pockets. The particle-air 

layer prevents wetting and suppresses heat exchange between the hot substrate 

and the drop, just like a pure vapor cushion does in the Leidenfrost state. 

Removal of the spacer particles from a hot liquid marble and replacement by air 

in Figure 5b directly leads to a drop in the Leidenfrost state:  

 

Figure 5: Connection between the Leidenfrost state and liquid marbles: a) Liquid 

marble shielded by air pockets and spacer particles b) The composite particle-air 

layer thermally insulates the liquid marble from a hot surface. c) Spacer particles 

are removed and the drop floats on an air cushion. In the Leidenfrost state, the 

air cushion is supplied by evaporation of the liquid.  

Whereas Leidenfrost drops are restricted to high surface temperatures, liquid 

marbles and super liquid-repellent surfaces also work under moderate 

temperatures. The lateral drop adhesion and thus lateral mobility differ between 

all three approaches due to fundamental differences in the drop-surface 

interaction.16 Drops on super liquid-repellent surfaces directly interact with the 

surface of the substrate. Leidenfrost drops only indirectly interact with the hot 

substrate due to the continuous vapor cushion. Liquid marbles are intermediate in 

their interaction mode: The particles adhere to the drop and a solid-solid 

interaction takes place upon lateral movement of the drop. The interaction is 

indirect because the particles mainly adhere to the drop and not the surface. 

Leidenfrost drops show the highest mobility because friction arises only from 

viscous losses in the vapor flow. The lateral adhesion of super liquid repellent 

surfaces and liquid marbles very much depends on the individual details of the 

studied system. In the case of super liquid-repellent surfaces and liquid marbles 

these specific details are, amongst others, the specific surface texture, powder 
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size and shape, and the respective surface tensions involved. Further details 

about each approach can be found in the following subchapters.  
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1.2 Super liquid-repellency 

1.2.1 Wetting of smooth and rigid surfaces 

Wetting deals with the contact between three phases of which at least two are 

fluid, i.e. gaseous or liquid.20, 21 In particular, the wetting behavior between drops 

(few µl) and solid substrates in air affects many domains, ranging from efficient 

cooling up to self-cleaning surfaces. The measured, apparent contact angle 𝜃𝑎𝑝𝑝 

describes the wettability of the surface. 𝜃𝑎𝑝𝑝 is obtained from the drop shape and 

is measured at the three-phase contact line, where liquid, surface and air meet.22 

Theoretically, Thomas Young was the first to discuss the wetting behavior of 

perfectly flat and smooth surfaces under thermodynamic equilibrium in 1805.23 

The Young contact angle 𝜃𝐸 depends on the surface tensions acting at the three-

phase contact line, i.e. the solid-air (sa), the solid-liquid (sl) and the liquid-air 

surface tensions (la) (Figure 6). Gravity, pinning and other inhomogeneities are 

neglected. In that sense 𝜃𝐸 can be seen as an idealized material contact angle 

which is inherent to the combination of drop and surface material. 

 

Figure 6: Scheme of a drop resting on a surface. The Young contact angle 𝜃𝐸  is 

determined at the three-phase contact line of liquid, surface and air. 

In equilibrium, the horizontal components of the surface tensions are equal. This 

leads to the Young equation:  

γlacos(𝜃𝐸  ) = (γsa − γsl)       (eq. 1.2) 

The drop either spreads completely or forms a finite contact angle. Two further 

cases can be distinguished if a finite contact angle is formed: i) The surface 

tension of the solid-air surface is higher than that of the solid-liquid interface, i.e. 

γ
sa

− γ
sl

 is positive and 𝜃𝐸 < 90°. In this case, wetting of the surface is preferred 
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and the surface is called hydrophilic (Figure 6a). ii) The opposite is true and 

γ
sa

< γ
sl

. The solid-air interface is energetically preferred over the solid-liquid 

interface which leads to 𝜃𝐸 > 90°. Such a surface is called hydrophobic  

(Figure 6b). 𝜃𝐸 can reach a maximum value of 120° on a flat surface.24 𝜃𝐸 can be 

tuned by chemical surface modification. This works especially well for water as 

reference solvent. Protic and polar surface groups, like hydroxy or carboxy 

groups, generally lead to hydrophilic surfaces. Hydrophobic surfaces are 

obtained by alkylation or fluorination of the respective surface. If the surface is 

the same but different liquids are used, 𝜃𝐸 decreases with decreasing liquid-air 

surface tension γ
la

. Typically, low surface tension liquids, like many organic 

solvents, form a Young contact angle 𝜃𝐸 < 90° on common materials. 

 

1.2.2 Contact angle hysteresis 

The Young equation predicts exactly one contact angle 𝜃𝐸 for a given drop-

surface combination. Experimentally, this is not true and a distribution of contact 

angles is measured if several drops are dispensed and measured on the same 

material under the same conditions. Several factors neglected by Young 

influence the measured apparent contact angle 𝜃𝑎𝑝𝑝. In particular, real surfaces 

are not perfectly flat and smooth, but are sprinkled with chemical and topological 

inhomogeneities. The three-phase contact line of drops can be pinned and 

hindered to move on by a locally different adhesion force or topological 

unevenness which need to be overcome. Pinning leads to a deviation from 𝜃𝐸 

and can increase the sliding angle.21, 25 Pinning can experimentally be studied if a 

drop is inflated and deflated on such a non-perfect surface using a goniometer. 

The contact angle first increases when the drop is inflated, while the contact line 

is initially in rest. When the contact angle reaches an upper threshold value, the 

contact line starts to move. The contact angle just before the contact line 

advances is called the advancing contact angle 𝜃𝑎𝑑𝑣. Likewise, the contact angle 

first decreases, when the drop volume is decreased until the contact line moves. 

The contact angle before the contact line recedes is called the receding contact 

angle 𝜃𝑟𝑒𝑐. 𝜃𝑎𝑑𝑣 is always larger than 𝜃𝑟𝑒𝑐. The theoretical equilibrium contact 

angle 𝜃𝐸 is somewhere between 𝜃𝑎𝑑𝑣 and 𝜃𝑟𝑒𝑐. The difference between both, 
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𝜃𝑎𝑑𝑣 − 𝜃𝑟𝑒𝑐, is called contact angle hysteresis (CAH). Schematically, the process 

of contact line pinning is shown in Figure 7 for a drop moving over a small 

surface unevenness.21 

 

Figure 7: A drop advances on a surface with a small unevenness. A to C denote 

the different stages of the advancing process. Left: Macroscopic view of the drop 

indicating the change in 𝜃𝑎𝑝𝑝. Right: Zoomed-in view of the contact line 

encountering the surface unevenness. From Ref21. Adapted with permission from 

John Wiley and Sons. 

A to C represent different stages of the advancing contact line. In A the contact 

line continuously advances with a material advancing contact angle of 𝜃𝐸,𝑎𝑑𝑣 =

90°. Initially, 𝜃𝑎𝑝𝑝,𝑎𝑑𝑣 = 𝜃𝐸,𝑎𝑑𝑣 = 90° at the three-phase contact line. The contact 

line needs to follow the shape of the surface unevenness to move on. During this, 

the material advancing contact angle will remain constant, i.e. 𝜃𝐸,𝑎𝑑𝑣 = 90°. The 

contact line quickly moves forward to point B once the unevenness is reached. 

This process goes quickly because the curvature of the liquid interface points 

inward for the three-phase contact line to climb up the unevenness what is 

energetically unfavorable. On the maximum point (B), the contact line fulfills 

again 𝜃𝑎𝑝𝑝,𝑎𝑑𝑣 = 𝜃𝐸,𝑎𝑑𝑣 = 90°. To move down, the contact line again needs to 

follow the shape of the unevenness. This time, climbing down leads to an 

outward pointing curvature of the liquid to sustain 𝜃𝐸,   𝑎𝑑𝑣 = 90°. In this case, 

𝜃𝑎𝑝𝑝,𝑎𝑑𝑣 is larger than 90° and the drop is pinned. The drop is depinned if  

𝜃𝑎𝑝𝑝,𝑎𝑑𝑣 = 𝜃𝐸,𝑎𝑑𝑣 = 90° is true again and the unevenness is overcome.  

1.2.3 Wetting of rough surfaces: The Wenzel and Cassie-Baxter states 

Surface texture, i.e. surface roughness, can have a tremendous impact on 𝜃𝑎𝑝𝑝 

and can make it differ strongly from 𝜃𝐸 on a smooth surface.7, 26 Surface textures 
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on the nm-μm scale have the strongest impact. Depending on the specific 

topography of the surface texture, the surface chemistry and the surface tension 

of the liquid, different scenarios can be observed. 

In the so-called Wenzel state, a drop strictly follows the contour of the surface 

texture and the contact area between drop and substrate is fully wetted  

(Figure 8a).27 In the so-called Cassie-Baxter, or just Cassie state, drops rest on 

the top faces of the surface texture and the air is entrapped underneath the drop 

(Figure 8b).28 

 

Figure 8: a) The Wenzel state and b) the Cassie state. 

The surface roughness is defined by 𝑟 and is the real contact area divided by the 

projected, 2-dimensional surface area. For a perfectly flat surface 𝑟=1 and for a 

real surface 𝑟>1. If a surface is moderately rough, the drop is in the Wenzel 

state. According to Wenzel, the contact angle 𝜃𝑤  is amplified by the surface 

roughness: 

cos(𝜃𝑤) = r ∙ cos(𝜃𝐸)       (eq. 1.3) 

On a hydrophobic surface 𝜃𝑤  > 𝜃𝐸 > 90o, while on a hydrophilic surface 

𝜃𝑤 < 𝜃𝐸  < 90o. 

If a drop is deposited on very rough hydrophobic surfaces it might rather be in the 

Cassie state, i.e. contacting only the top of the surface texture. In this case, the 

drop forms a composite liquid-solid and liquid-air contact area. The Cassie-Baxter 

equation considers a universal approach where a drop contacts a chemically 

heterogeneous surface.28 Assuming a two component contact area, which 

consists of solid and air, one can calculate 𝜃𝐶 using the liquid-solid fraction Φ𝑠𝑙 

and 𝜃𝐸: 

cos(𝜃𝐶) = −1 + Φ𝑠𝑙(1 + cos(𝜃𝐸))      (eq. 1.4) 
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For Φ𝑆𝐿 = 1 the surface is flat and 𝜃𝐶 = 𝜃𝐸. For Φ𝑠𝑙 = 0, the contact angle is 180° 

and the drop floats over the surface. Though impossible for super liquid-repellent 

surfaces, this is realized in case of the Leidenfrost effect. Consequently, 𝜃𝐶 can 

be mathematically increased by reducing Φ𝑠𝑙. Practically, this only works up to a 

critical value until the Cassie state becomes unstable.  

Whereas air pockets between surface and drop are necessary for super liquid-

repellency, the Wenzel and Cassie-Baxter equations cannot be used to predict 

contact angles for practical surfaces and to confirm if a surface is super liquid-

repellent or not. Both equations are derived based on energy minimization and 

neglect contact angle hysteresis and pinning. They also do not consider dynamic 

contact angles, i.e. 𝜃𝑎𝑑𝑣, 𝜃𝑟𝑒𝑐 and roll-off angles. The equations also do not give 

any information on lateral adhesion forces. These are all essential aspects of 

super liquid-repellent surfaces. Moreover, the Cassie state corresponds to a local 

energy minimum in the energy landscape, whereas the Wenzel state is lowest in 

energy. The Cassie state is thus metastable and an irreversible transition to the 

Wenzel state can occur.29 Once trapped in the Wenzel state, a drop can only go 

back to the Cassie state if external energy is provided.30 The stability of the 

Cassie state depends on various points, e.g. on the shape of the surface texture, 

surface chemistry, surface tension of the liquid and the drop size. The stability 

also depends on external conditions like temperature and vibrations. All these 

aspects determine the stability of the Cassie state and affect the critical pressure 

a liquid can exert on a surface texture before it sags into the structure and wets 

the substrate. This critical pressure, where a liquid starts to sag-in, is the so-

called impalement pressure and will be discussed in more detail in  

chapter 1.2.7.31 

Even though the Wenzel and Cassie-Baxter equations are of limited use to 

determine if a surface will be super liquid-repellent or not, they highlight that 

surface texturing is a key parameter for the preparation of such surfaces. 
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1.2.4 Superhydrophobic surfaces 

Superhydrophobic surfaces repel water at inclination angles of 10° and less and 

have apparent contact angles of more than 150°.  

Numerous examples of such surfaces can be found in nature, e.g. various plant 

leaves, exoskeletons of certain insects like the water strider, or feathers and furs 

of animals.3, 8, 32 Most of these superhydrophobic surfaces exhibit a hierarchal 

surface roughness on two length scales: For example, electron microscopy 

images of a water strider leg and a lotus leave reveal that both have a primary 

surface structure in the micrometer range which is again decorated with surface 

textures on the nm scale (Figure 9).  

 

Figure 9: Examples of natural superhydrophobic surfaces. a) The legs of a water 

strider and b) the lotus leaf. Both surfaces have a hierarchical structure on two 

length scales. c) and d) are electron microscopy images of a) and b). The water 

strider legs consist of micrometer-sized setae c) covered with nano grooves 

(inset, scale bar: 200 nm). d) Lotus leaf showing microprotrusions covered with 

nanometer-sized wax crystals (inset). Reprinted with permission from Ref3. 

Copyright 2010 American Chemical Society. 

The nanoscale roughness provides an additional wetting barrier and increases 

the stability of the Cassie state.33 Fabrication techniques of superhydrophobic 
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surfaces are highlighted together with superamphiphobic surfaces in  

chapter 1.2.8. 

 

1.2.5 How drops move on superhydrophobic surfaces  

If a drop in the Cassie state readily moves or not, depends on the lateral 

adhesion forces which are connected to the movement of the three-phase 

contact line. This again is connected to pinning and depinning events between 

the surface and the liquid. Understanding and controlling the pinning and 

depinning dynamics is of practical relevance to improve and tune super liquid-

repellent surfaces. The pinning and depinning events typically take place at a 

length scale of tenths to hundreds of μm and can thus not be well resolved using 

optical cameras. Over the last years, laser scanning confocal microscopy (LSCM) 

turned out to be a versatile technique to study dynamic wetting processes. LSCM 

relies on an inverted laser which scans a drop sitting on a thin and transparent 

(glass) slide point by point.29, 34 The reflection of the laser beam is recorded and, 

if applicable, the fluorescence of an excited dye. Typical scan sizes are in the 

order of hundreds of μm and the resolution of one pixel is up to 500 nm (lateral) 

and 200 nm (horizontal). Images can be recorded as time evolution to visualize 

dynamic wetting processes. The wettability of the glass substrates can be varied 

by chemical treatment and surface texturing. In Figure 10, an LSCM is used to 

observe the contact area of a drop sitting on an array of micropillars.34 

Micropillars of different geometries can be readily prepared by lithography and 

are a well-established model system to study wetting. The micropillars shown in 

Figure 10 are superhydrophobic, i.e. water drops have high static contact angles 

and roll-off at less than 10° (Figure 10b). In Figure 10c, a vertical cross section of 

the three-phase contact line imaged by LSCM is shown.  
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Figure 10: a): Scanning electron microscopy image of an array of cylindrical, 

hydrophobized micropillars (𝑎 = 10 𝜇𝑚, 𝑏 = 30 𝜇𝑚, ℎ𝑒𝑖𝑔ℎ𝑡 = 15 𝜇𝑚). b) Video 

image of a 2 mm high water drop sitting on the micropillar surface. c) Vertical 

LSCM image of a water drop (dyed with Alexa Fluor 488) on the micropillar 

surface shown in a) and b). The water drop is shown in red, the refraction from 

the interfaces are shown in yellow. The position of the pillars are known from the 

raw data. The green pillars are artificial and were added via image post 

processing to achieve a better readability. Figure 10 adapted with permission 

from Ref34. Copyrighted by the American Physical Society. 

Whereas it is poorly distinguishable from Figure 10b if there are air cushions 

below the drop, the Cassie state can be clearly confirmed by LSCM in  

Figure 10c. Furthermore, the dynamic responses of the three-phase contact line 

can be observed when the drop overcomes lateral adhesion and leaps into 

motion: Schellenberger et al. tilted the LSCM and visualized the advancing and 

receding contact angle of drops on superhydrophobic pillar surfaces.34 Figure 11 

shows a series of snapshots of the advancing (Figure 11a) and receding contact 

line (Figure 11b). Their study shows that the movement of drops on 

superhydrophobic surfaces is discontinuous due to contact line pinning to the 

pillars: When the drop started to move, the contact line gradually bent down until 

it touched the next pillar (Figure 11a, 29.74 s).  
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Figure 11: Waterfronts a) advancing and b) receding on a superhydrophobic 

micropillar surface inclined by 9°. (a) At t=13.33 s the waterfront touches the third 

pillar from the left and gradually bends down toward the fourth pillar. The image 

at t=29.74 s shows the waterfront just before touchdown. The inset shows the 

refraction at the pillar top face, indicating that it is not wetted yet. At t=29.85 s the 

waterfront touches down on the fourth pillar and no refraction of the pillar top face 

can be seen anymore in the inset. This confirms wetting of the pillar. b) The 

receding contact angle distorts from t=14.29 s until t=31.65 s. At t= 31.65 s the 

contact line detaches from the second pillar and jumps one pillar further. The 

measured receding contact angle is indicated by the red lines at t= 31.65 s. Pillar 

geometries: a) 𝑎 = 10 𝜇𝑚, 𝑏 = 30 𝜇𝑚, ℎ𝑒𝑖𝑔ℎ𝑡 = 10 𝜇𝑚; b) 𝑎 = 10 𝜇𝑚, 𝑏 =

30 𝜇𝑚, ℎ𝑒𝑖𝑔ℎ𝑡 = 16 𝜇𝑚. Figure 10 adapted with permission from Ref34. 

Copyrighted by the American Physical Society. 

Once in contact, the pillar was immediately fully wetted and the contact line 

jumped forward. Similarly, the liquid pulled on the last pillar at the rear side of the 

drop. The liquid detached from the pillar when the surface tension of the liquid 

pulled strongly enough to overcome the adhesion force to the respective pillar. In 

this context, it was confirmed that the advancing contact angles reach values of 

180° and more on superhydrophobic surfaces before touchdown on the next 

pillar. This implies that the advancing contact angle, and consequently the 

contact angle hysteresis CAH, is not a suitable measure of super liquid-

repellency. In contrast, the receding contact angles measured by LSCM were in 

good agreement with goniometer measurements and give a measure of the drop 

adhesion and thus mobility. Hence, receding contact angles and roll-off angles 

are more useful to determine if a surface is super liquid-repellent or not. 
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1.2.6 Superamphiphobic surfaces 

Most superhydrophobic surfaces are wetted by low surface tension liquids. 

Surfaces which repel both, water and low surface tension liquids, are 

superamphiphobic. Superamphiphobic surfaces are promising for various 

applications, amongst others to retard corrosion of metals and slow down 

biofouling.35-38  

Superhydrophobicity is readily achieved by coating a simple surface texture with 

a low surface tension compound. In contrast, superamphiphobic surfaces are 

much more challenging to design and prepare. This comes from the fact that 

water has a surface tension which is about three times higher than those of many 

organic solvents (72.8 mN/m for water, compared to e.g. 27.5 mN/m for n-

hexadecane at room temperature). The term superamphiphobicity is yet not 

strictly defined. Similarly to superhydrophobic surfaces, “oil drops” have high 

apparent contact angles (150° and more) and roll-off below an inclination angle of 

10°. Therefore, it is important to report the specific liquids a surface repels and 

which not. It is also important to report the time elapsed between the deposition 

of the drop and the measurement of the contact angles. Generally, contact 

angles are measured less than a few minutes after the deposition of the drop. It 

was shown recently, that drops can impale a surface texture over time, especially 

if the surface tension of the liquid is low.39 Common reference solvents are 

diiodomethane (50.8 mN/m), rapeseed oil (~33 mN/m) and hexadecane 

(27.5 mN/m). Ideally, superamphiphobicity is confirmed with liquids, which have a 

surface tension of 𝛾𝑙𝑎< 30 mN/m. In some studies this is not the case and calling 

such surfaces “superamphiphobic” is questionable. 

According to the Young equation (eq. 1.2), water forms a material contact angle 

of 𝜃𝐸 > 90o on a flat, hydrophobic surface if the surface tension of the solid is 

less than ~20 mN/m.40 This is true e.g. for Teflon which has a solid-air surface 

tension of ~18.5 mN/m. For most alkanes (𝛾𝑙𝑎~20-30 mN/m), the surface tension 

of the solid needs to be ~6 mN/m to yield 𝜃𝐸 > 90o. This is hardly feasible and flat 

surfaces are generally oleophilic towards alkanes and other low surface tension 

liquids, i.e. have contact angles 𝜃𝐸 < 90o. Consequently, a simple, hydrophobic 

surface texture can readily lead to water drops in the Cassie state, but low 

surface tension liquids generally end up in the Wenzel state. 
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However, this can be circumvented by the fabrication of surface textures which 

have overhangs. Overhangs are surface features which bear out of the central 

chunk of the surface asperity. They can act as an energy barrier for the drop and 

prevent impalement of the liquid into the coating, even in the case of low surface 

tension liquids. The presence of overhangs can thus lead to metastable 

superamphiphobic surfaces even though the material is intrinsically 

oleophilic.41-46 As an example, Tuteja et al. prepared a periodical array of 

reentrant pillars, so-called microhoodoos, by stepwise etching of silicon  

(Figure 12a).47  

 

Figure 12 a) SEM image of an array of "microhoodoos" prepared by stepwise 

etching of silicon. b) Apparent advancing and receding contact angles on 

hydrophobized microhoodoos. Inset: Drops of heptane (red), methanol (green) 

and water (blue) are repelled from an array of microhoodoos. c) and d) show 

schematic diagrams illustrating the role of the geometrical angle 𝛹 on the 

curvature of the liquid-air interface, while 𝜃𝐸 is the same in both cases. From 

Ref47. Copyright 2008 National Academy of Sciences. 

After hydrophobization, the microhoodoos repelled even heptane and methanol 

(Figure 12b). Figure 12c and d show a liquid interface resting on different surface 

textures. The material contact angle 𝜃𝐸 and the local geometrical angle of the 

specific texture 𝛹 are shown. The three-phase contact line can be pinned to an 

overhang if 𝜃𝐸 is equal or higher than 𝛹. In this case, the net force of the liquid-air 

interface is directed upwards towards the top of the texture (Figure 12c). In this 

case, a local energy minimum of the interfacial free energy is obtained which 
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allows the metastable pinning of the three-phase contact line at the overhang 

preventing wetting of the substrate. If the opposite 𝜃𝐸 < 𝛹 is true, the liquid will 

be pulled downward, resulting in complete wetting of the substrate (Figure 12d). 

Surface textures having overhangs where 𝛹 < 90° is hence a key element to 

obtain superamphiphobic surfaces.30, 47 Recently, the importance of surface 

morphology over surface chemistry was impressively demonstrated by Liu and 

Kim.48 They revisited the design of the microhoodoos and added an additional, 

vertical overhang to the rim of the hoodoos (Figure 13).  

 

Figure 13: a): Schematic picture of double reentrant microhoodoos having 

vertical overhangs. D is the post diameter (D~20 μm), P the center to center 

distance (P=100 µm), 𝛿 and t are the length and thickness over the vertical 

overhang, respectively (t~300 nm and 𝛿=1.5 μm. b) Top view SEM of double 

reentrant microhoodoos. c) Bottom angle and d) cross-sectional view of a post. e) 

Cross-sectional image of a vertical overhang. From Ref48. Reprinted with 

permission from AAAS. 

The vertical rim provides an additional stability of the Cassie state because the 

contact angle of the liquid at the rim is close to 0° and the surface tension has a 

component pointing upwards to the bulk liquid. Water, several oils and even 

fluorinated solvents with a surface tension as low as 10 mN/m were efficiently 

repelled. Most surprisingly, this was even the case if the microhoodoo surface 
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was not chemically hydrophobized beforehand which shows the tremendous 

impact of the surface texture. 

 

1.2.7 Design parameters of super liquid-repellent surfaces 

Several theoretical studies consider the role of surface texture, in particular the 

shape of single asperities, on the specific properties of super liquid-repellent 

surfaces. These properties can e.g. be dynamic contact angles, the mechanical 

strength of the asperities and hence durability of the coating or the impalement 

pressure. To tune these properties, it is important to understand how they 

interplay with shape, size and spacing of the surface texture. Depending on the 

surface of interest, different geometrical models and parameters can be 

considered, e.g. microhoodoos and similar systems30, 42, 45 or individual fibers as 

part of a fabric49.In a different case, super liquid-repellent surfaces were modeled 

as pillars consisting of stacked, connected spheres.31, 43 This model serves well 

for surfaces which were prepared by assembly of colloids (Figure 14, see 

chapter 1.2.8 for details about preparation of super liquid-repellent surfaces): 

 

Figure 14: Idealized model of a super liquid-repellent layer based on pillars of 

stacked, connected spheres. Side view (left) and top view (right). The grey 

shaded area represents a liquid. Reprinted from Ref31. Copyright 2015, with 

permission from Elsevier. 

The liquid is pinned at the upmost spheres of the pillars. The pillars are formed of 

N vertically stacked spheres of same radius R. The spheres are connected by 

solid bridges with a connection angle 𝛽. 𝑎 is the pitch distance between the 

pillars.   
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An important aspect of super liquid-repellent surfaces is the mentioned 

impalement pressure (chapter 1.2.3). Practical examples, where the impalement 

pressure is relevant, are e.g. water repellent textiles or membranes. Here, the 

membranes have to withstand the pressure exerted by a liquid without 

breakthrough of the liquid to the other side of the membrane. Instead of a fiber 

model, the aforementioned model based on a stack of sintered spheres is further 

discussed because it has more practical relevance in the context of this thesis 

(Figure 15). 

 

Figure 15: Schematic impalement of a model system for super liquid-repellent 

surfaces based on pillars of stacked, connected spheres. The liquid-air interface 

sags down with increasing pressure of the liquid. Adapted from Ref43 with 

permission of The Royal Society of Chemistry.  

In equilibrium, the liquid-air interface is nearly planar and pinned at 𝜃𝐸 to the 

uppermost spheres of the pillars at a height 𝐻0 which is equal to 

 𝐻0 = (2𝑁 − 1)𝑅𝑐𝑜𝑠(𝛽). The liquid-air interface starts to sag down when the 

pressure of the liquid increases. At a given pressure the reduced height 𝐻 is 

given by 𝐻 = (2𝑁 − 1)𝑅𝑐𝑜𝑠(𝛽) − 𝑅𝑐𝑜𝑠(𝜃𝐸). The liquid wets the substrate at a 

critical impalement pressure. The critical impalement pressure is given by the 

Laplace equation, which relates the mean curvature to the pressure difference P 

between the liquid and the air phase, depending on the interfacial tension of the 

liquid: 

𝑃 =
4

√2

𝛾

𝑎
         (eq. 1.5) 

To increase the value of the critical impalement pressure, the distance of the 

pillars should be as narrowly spaced as possible and the pillars should be taller 

than 𝐻 >
𝑎

√2
. 
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The Cassie-Baxter equation, in turn, suggests minimizing the solid-liquid fraction 

Φ𝑠𝑙 to obtain high apparent contact angles values. Preferentially, the pillar 

distance 𝑎 is as big as possible while the particle radius 𝑅 is as small as possible. 

In contrast, the pillar structure shows an increasing vertical stress resistance with 

increasing 𝑅 and 𝛽 as well as with decreasing 𝑎. The critical vertical stress 𝜎𝑣𝑝 for 

yielding a pillar is given as:  

𝜎𝑣𝑝 =
𝜎𝑦𝜋(𝑅𝑠𝑖𝑛𝛽)2

𝑎2         (eq. 1.6) 

Here, 𝜎𝑦 is the yield stress of the pillar bulk material. For example, for 𝑅 = 50 nm,

𝑎 = 1, 𝛽 = 30° and 𝜎𝑦 = 6.5 GPa (for a silica pillar), the critical vertical stress 𝜎𝑣𝑝 

is 13 MPa.43, 50  

However, increasing R and decreasing 𝑎 to maximize the mechanical strength is 

in direct contrast to the aforementioned minimization of Φ𝑠𝑙 to achieve high static 

contact angles 𝜃𝑎𝑝𝑝. This contradiction shows that both aspects, i.e. high static 

contact angles 𝜃𝑎𝑝𝑝 and a high vertical stress resistance 𝜎𝑣𝑝, cannot be optimized 

simultaneously, but need to be balanced against each other. 

 

1.2.8 Fabrication of super liquid-repellent surfaces 

Numerous studies present approaches to fabricate super liquid-repellent 

surfaces. Especially, superhydrophobic surfaces found in nature, like various 

plant leaves or insect skins, fueled the preparation of artificial, biomimetic 

superhydrophobic surfaces. More and more studies are also reported on the 

fabrication of superamphiphobic surfaces, even though they are more challenging 

to prepare because surface textures with overhangs are required.  

Superhydrophobic and superamphiphobic surfaces can be fabricated by different 

techniques, e.g. templating, sol-gel chemistry, layer-by-layer deposition, bottom-

up fabrication, phase separation of polymer/solvent or polymer/polymer mixtures, 

plasma treatment of polymer surfaces, surface etching, chemical vapor 

deposition, anodic oxidation of substrates, and electrochemical deposition.51-57 

Summarizing details and specialties about each technique is beyond the scope of 

this work, but comprehensive reviews are cited above. Two examples are shown 
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in the following based on bottom up and templating on rigid surfaces and sol-gel 

chemistry on textiles.  

 

Figure 16: a) Soot collection. b) SEM of the highly porous soot network 

deposited on the glass slide. c) SEM of a chain of almost spherical carbon 

spheres. d) SEM of the soot network coated with a silica shell after chemical 

vapor deposition. e) SEM of a silica cluster after carbon removal at 600 °C. f) 

TEM of a silica cluster after carbon removal. g) Cross-section of the silica-

stabilized soot network shown in d. From Ref46. Reprinted with permission from 

AAAS. 
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The first example, which is also relevant for this work, is based on thermal 

deposition of nanoparticles to prepare a robust model system for 

superamphiphobic surfaces.46 The other example shows the fabrication of 

superamphiphobic textiles which can be used as membranes and functional 

clothing.49, 58, 59 

Soot can be collected on a fire resistant substrate like glass or steel by holding it 

into the flame of a candle (Figure 16a).46 A soot layer is gradually built up from 

the substrate with increasing deposition time and can reach a thickness of 2 to 

several tenths of µm. Soot consists of loosely connected carbon particles with a 

size of 30 to 50 nm in diameter. The particles are loosely connected by van der 

Waals forces and form a fractal-like, highly porous network with numerous 

overhangs (Figure 16b and c). The soot network is used as a template and 

coated with silica from the gas phase via chemical vapor deposition of 

tetraethoxysilane. The silica adopts the shape of the soot network and keeps it, 

even after sintering of the specimen at 600 °C (Figure 16d-f). The carbon interior, 

in contrast, is completely combusted by the sintering step as shown in the TEM 

image in Figure 16f, and almost transparent surfaces are obtained. At this stage, 

the samples are superhydrophilic and become superamphiphobic after deposition 

of a semi-fluorinated silane. 

 

Figure 17: a) Water and b) hexadecane on a candle-soot based super-

amphiphobic surface. The contact angles are CAwater=165o and CAhexadecane=156o, 

respectively. c) Schematic drawing of a drop resting on overhanging silica 

structures. d) Snapshots of a 5 µl hexadecane drop impacting and bouncing on a 

superamphiphobic surface. From Ref46. Reprinted with permission from AAAS. 
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Water and hexadecane have apparent contact angles of 165±1° and 156±1° and 

are repelled at tilting angles of 2±1° and 5±1°, respectively (Figure 17a and b).46 

Drops of low surface tension liquids falling from a certain height are efficiently 

reflected, like hexadecane in Figure 17d.46, 60 

The structure of the candle soot hence provides multiple overhangs which need 

to be overcome before the substrate is fully wetted (Figure 17c). This makes 

candle soot-templated surfaces an efficient and simple strategy to fabricate 

superamphiphobic surfaces.  

Textiles offer a couple of advantages as substrates for the fabrication of super 

liquid-repellent coatings. They can be easily made super liquid-repellent by 

surface functionalization and by adding further levels of hierarchal structures 

using sol-gel chemistry.49, 59 The structure of textiles is composed of numerous 

interwoven fibers and textiles are thus intrinsically rough. Also, the shape of a 

fiber acts as an overhang perpendicular to its prolongation. The interwoven 

structure withstands mechanical stress well and most of the surface stress is 

dissipated into the topmost fibers. Consequently, nanoparticles or other 

nanostructures deposited on the textiles, to increase the repellency, can be 

shielded to a certain degree. Especially nanostructures in between the fibers are 

exposed to a much lower stress. Leng et al., for example, prepared multiscale 

rough superamphiphobic textiles by adding a layer of micro and nanoparticles on 

cotton textiles using sol-gel chemistry (Figure. 18).59 First, the textiles were 

decorated with a layer of larger silica particles (diameter of 800 nm). The particles 

were created in-situ by hydrolysis and condensation of tetraethoxysilane (Stöber 

reaction). After their adhesion to the textile, the particles were covalently bonded 

by subsequent hydrolysis of silicon tetrachloride. In the next step, the surface of 

the nanoparticle decorated textile was functionalized with (3-aminopropyl)-

triethoxysilane (APS). The surface of the textile became positively charged due to 

the APS treatment. Negatively charged silica nanoparticles (diameter of about 

160 nm) attached to the textile by electrostatic interaction. The textile was finally 

hydrophobized with a fluorosilane. Leng et al. found that the nanoparticles were 

essential to repel hexadecane efficiently.  
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Figure. 18: Scheme illustrating the coating process used by Leng et al. to obtain 

multiscale rough superamphiphobic cotton textiles by adsorption and 

functionalization of silica particles using sol-gel chemistry. Reprinted with 

permission from Ref59. Copyright 2009 American Chemical Society. 

 

1.2.9 Challenges and opportunities of super liquid-repellent surfaces  

Despite the promising applications of superhydrophobic and super-amphiphobic 

surfaces, a widespread use in consumer products is not observed yet. The major 

reason is that under real conditions such surfaces seldom retain super liquid-

repellent for a long time. Amongst others, surfaces degrade or alter their 

properties due to abrasive wear, UV exposure, chemical reaction, acidic and 

basic corrosion, solvent contamination and biofilm deposition. One of the 

severest stresses for super liquid-repellent surfaces is wear abrasion because it 

breaks the surface texture. 61-66 Surface textures are especially prone to wear 

because a vertical or a shear stress is not equally distributed over the entire 

surface area 𝐴0, like in the case of a flat surface. The stress is rather distributed 

over the top faces of the surface texture, which directly contact the abradant. As 

a result, the real contact area 𝐴 between abradant and surface is greatly reduced 

and the stress acting on the surface texture is much higher than the stress acting 

on a flat surface instead. Once a critical stress is exceeded, individual asperities 

of the surface texture fatigue and break. Broken asperities reduce the surface 

roughness and hydrophilic spots on the surface can be revealed. Both increase 

the lateral adhesion of drops which is connected to a decrease of super liquid-

repellency. This concept is allegorized in Figure 19 where a drop does not roll-off 

a superhydrophobic surface after its abrasion:  
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Figure 19: a) Superhydrophobic surface before applying stress. Drops easily roll-

off. b) Stress is applied to the surface by pushing a sand paper loaded with a 

specific weight. c) The top parts of the asperities are damaged by abrasion and a 

drop does not roll-off anymore. From Ref61. Adapted with permission from AAAS. 

Accordingly, tuning the mechanical durability of the surface and the strength of 

the asperities for a given application is one of the key aspects towards consumer 

products with super liquid-repellent properties. However, measuring and 

comparing mechanical quantities, an essential part of the tuning process of such 

coatings, is not trivial. The mechanical durability results from the interplay of 

several minute details: Geometry and density of the asperities, material 

properties in terms of elasticity and hardness, and the thickness of the coating. 

This complex interplay and versatility leads to surfaces spanning a broad range in 

terms of mechanical durability. This also hinders the adoption of a unique and 

generalized testing procedure to evaluate the mechanical strength and durability 

of super liquid-repellent surfaces.  

Consequently, various tests can be found in the literature to evaluate the 

mechanical durability and strength of super liquid-repellent coatings. They can be 

separated into two categories which are qualitative (i) and quantitative (ii) tests. 

 

 



Introduction 

 

41 

 

 

Figure 20: Overview of qualitative mechanical durability tests to test super liquid-

repellent surfaces. Reprinted from Ref66. Copyright 2016, with permission from 

Elsevier. 
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 (i)  Qualitative tests impose a certain mechanical stress to a sample and its 

effect, e.g. fatigue, delamination and fracturing, and are judged according to the 

test criteria. Most importantly, the dynamic wetting behavior needs to be 

confirmed before and after the test to detect an eventual break-down of super 

liquid-repellency. This is of course only possible if the size of the abraded area is 

large enough to deposit drops. Additionally, depending on the length scale of the 

surface damage, the zone of impact can be visualized by optical images, 

scanning electron microscopy or scanning probe microscopy. Milionis et al. 

recently reviewed qualitative durability tests used for superhydrophobic surfaces 

and further subdivided them into primary and secondary mechanical durability 

tests (Figure 20).66 The primary tests focus on the adhesion strength of the 

coating to the substrate and its abrasion resilience: Adhesion of the coating can 

be tested by performing (cross) cuts on the surface and then peel off a piece of 

adhesive tape glued to the respective area (ASTM D3359/ ISO 2409). A 

controlled shear stress can be performed by linear abrasion, using different 

abrasion materials and different loads (similarly to ASTM D2486). The secondary 

mechanical durability tests mimic outdoor situations. For example, a certain 

amount of sand is dropped on a surface over a specific time (ASTM D968) or the 

surface is exposed to a water jet at a certain pressure. A third category is also 

proposed and its layout is flexible, depending on the requirements of a specific 

application. For example, if the super liquid-repellent surface should be durable 

against scratches, it can be tested by scratching it with pencils of different 

hardness (ASTM D3363/ ISO 15184). Momentarily, linear abrasion using 

sandpaper (as shown in Figure 19) is one of the most popular techniques to 

quantify the mechanical durability. Unfortunately, a comparison of mechanical 

durability between relevant studies is hampered because the testing conditions 

are not standardized and differ between the studies. Parameters which should be 

agreed on in the future are e.g. grit size of the sandpaper, applied load, traveled 

distance, cycles of abrasion. Certainly, the advantages of qualitative tests are 

that they are application oriented, simple, quick and low priced. Such tests do not 

work well anymore if mechanically similar samples are investigated. This can 

happen, especially if a new coating is developed and the influence of single 

parameters on the coating durability needs to be judged. Furthermore, no 

material properties and other details, e.g. about the breaking mechanism, can be 
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obtained from quantitative tests. This is only possible with force sensitive 

measurements: 

(ii) Quantitative tests are force sensitive and measure the displacement into a 

sample as function of imposed force. A schematic force displacement curve of a 

spherical probe indenting a plane surface is shown in Figure 21:  

 

Figure 21: Force versus displacement curve of a probe indenting a flat surface. 

Adapted from Ref67. 

In a typical indentation experiment, the probe approaches the sample up to a 

maximum indentation depth ℎ𝑚𝑎𝑥 where a force 𝐹𝑚𝑎𝑥 is reached. The probe then 

retracts and reaches a final indentation depth ℎ𝑓 ≤ ℎ𝑚𝑎𝑥 where the contact to the 

surface is lost if adhesion is not significant. If ℎ𝑓 < ℎ𝑚𝑎𝑥, a residual indent will be 

found on the surface.  

How to analyze force-displacement curves based on different contact models is 

explained in more detail in the appendix, chapter 7.1. There, it becomes clear 

that obtaining quantitative values from indentation experiments on super liquid-

repellent surfaces is appealing but not trivial. The surfaces are extremely rough 

and in many cases the surface asperities have a random shape. Often, the 

asperities do not respond elastically, but break at low yield stresses which 

complicates the analysis. Ideally, the surfaces are probed with a high nominal 

contact area to average over many asperities and to get an averaged mechanical 

response. Preferentially, the indentation depth does not exceed the coating 
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thickness by more than 10% to neglect substrate effects. Also, the surface needs 

to be probed with a high sensitivity due to the fragility of the surface asperities. 

Whereas nanoindentation offers a high nominal contact area, generally mm2 to 

few µm2 in diameter, its sensitivity is in the range of mN down to few hundreds 

and tenths of nN. Scanning probe microscopy, on the other hand, provides high 

sensitivity (down to fN), but the contact area is typically in the order of a few nm2 

or even less. Advantages of both, i.e. high contact area and high sensitivity, can 

be obtained by replacing the sharp tip on an SPM by a µm-sized colloid.68, 69 

Using such colloidal probes might be a way to precisely resolve the influence of 

reactants and reaction parameters on the mechanical properties, which allows 

tuning surfaces in terms of mechanical strength and balance their reaction 

parameters against their wettability. 
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1.3 The Leidenfrost effect 

Similarly to super liquid-repellent surfaces, drops on a hot surface produce a 

vapor cushion which prevents contact and wetting of the substrate.1, 9, 10 Already 

in 1756, Johann Gottlob Leidenfrost observed this effect when he placed a drop 

on a hot spoon. He placed a candle behind the drop and realized that a thin 

vapor gap between drop and spoon exists.11 A similar situation to the experiment 

of Leidenfrost is shown in Figure 22a, where a drop is placed on a 300 °C hot 

polished aluminum plate. The magnified image shows that there is a thin vapor 

cushion between both, drop and substrate.1 Drops of different sizes can levitate 

under these conditions. Figure 22a shows a small, almost spherical drop with a 

small contact area, whereas a large puddle, flattened by gravity, having a large 

contact area is shown in Figure 22b. Biance et al. found that the upper limit of 

stable water Leidenfrost drops is about 2 cm in diameter.10  

 

Figure 22: Levitating water drops a) and b) and dry ice c). The substrate is a 

300 °C hot polished aluminum plate. Adapted From Ref1. 

They also investigated the thickness of the vapor layer by diffraction of a laser 

beam at the vapor gap. From the diffraction pattern, they found that the thickness 

of the vapor cushion is in the order of 100 µm. Solid objects can also float on hot 

surfaces if the solid sublimates under the chosen conditions. On the 300 °C hot 

aluminum plate, for example, a piece of dry ice (frozen carbon dioxide, 

sublimation temperature =-78 °C) generates sufficient vapor to float at about the 

same height above the substrate as the water drops do (Figure 22c).70 
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1.3.1 Features of boiling and the lifetime of drops 

For a drop to enter the Leidenfrost regime, the temperature difference between 

substrate and boiling point of the drop needs to be large enough to sustain a 

constant vapor production. The lower critical value for this temperature difference 

depends on the boiling or sublimation point of the liquid or object and can be 

obtained from the respective boiling or sublimation curves. Figure 23 exemplarily 

shows the boiling curve of water as function of heat flux against the surface 

superheat ∆𝑇.71, 72 

∆𝑇 = 𝑇𝑠𝑢𝑟 − 𝑇𝑠𝑎𝑡        (eq. 1.7) 

Here, 𝑇𝑠𝑢𝑟 is the surface temperature and 𝑇𝑠𝑎𝑡 is the saturation temperature of the 

liquid, i.e. the maximum temperature of the liquid before it evaporates. Until about 

∆𝑇~10 °𝐶 heat is efficiently transferred from the wall to the liquid. The heat 

causes the formation of single vapor bubbles at the surface. These small bubbles 

can promote convection between surface-near warm water and cooler bulk water. 

At higher ∆𝑇 the heat flux increases and bubbles start to rise. The number of 

bubbles increases with increasing ∆𝑇 and heat flux. This regime is called 

nucleate boiling. At a certain ∆𝑇 value, a critical heat flux is achieved which 

indicates that a critical percentage of the solid-liquid interfacial contact area 

turned into a solid-gas interfacial area due to strong bubble nucleation. The 

bubbles act as an insulator between surface and water and decrease the 

efficiency of the heat flux. With increasing ∆𝑇, boiling enters an unstable regime 

which is also called transition boiling. Though ∆𝑇 increases thereafter, the heat 

flux decreases because the insulating solid-gas interfacial area grows. At a 

certain ∆𝑇 value, for water about ∆𝑇~50 °𝐶, the heat flux reaches a local 

minimum and a continuous vapor film establishes between surface and liquid. 

From this point on, called the Leidenfrost temperature 𝑇𝐿, the liquid is in the film 

boiling regime and the liquid hovers on a vapor cushion. Film boiling is 

maintained upon further heating accompanied by an increase in heat flux which 

accelerates evaporation of the liquid.1, 72, 73 
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Figure 23: Boiling curve of water as function of heat flux 𝑞 against the surface 

superheat ∆𝑇. Adapted with permission from Ref71. Copyright 2009 American 

Chemical Society. 

Likewise, the lifetime of a drop until its evaporation 𝜏𝑠 can be measured as 

function of 𝑇𝑠𝑢𝑟 (Figure 24). For example, Biance et al. investigated 𝜏𝑠 of drops 

on a flat, heatable aluminium plate as function of the surface temperature.10 

 

Figure 24: Life-time 𝜏𝑠 of drops until they fully evaporate as function of the 

surface temperature of a polished aluminium plate. The drops initially have a 

radius 𝑟 = 1 𝑚𝑚. From Ref1.  

At room temperature, the drop spreads and forms a finite contact angle on the 

aluminum plate. Upon heating, 𝜏𝑠 decreases until a minimum of 𝜏𝑠 ≤ 1 𝑠 is 

reached at 𝑇𝑠𝑢𝑟 slightly above 100 °C. At this point, violent boiling of the drop 

occurs. At 𝑇𝑠𝑢𝑟 = 𝑇𝐿, for water about 150 °C, a sudden jump in 𝜏𝑠 is observed and 

drops exist for more than 1 minute. At the same time, the drop changes its shape. 
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It becomes ball-like and a thin vapor film underneath the drop becomes visible. 

The sharp increase in 𝜏𝑠 corresponds to a change from the transition boiling 

regime to the film boiling regime, in which a drop is in the Leidenfrost state. A 

further temperature increase leads to a decrease of 𝜏𝑠. Overall, it is remarkable 

that drops exist for more than 30 s at temperatures of about 350 °C. The 

extended life-time of Leidenfrost drops impressively demonstrate the insulating 

properties of the vapor cushion between drop and surface.  

 

1.3.2 Lateral and vertical movement of drops and objects exploiting the 

Leidenfrost phenomenon 

The vapor flow underneath a Leidenfrost drop is isotropic when the drop is 

placed on a flat, hot surface. The flow distribution can be manipulated when the 

surface is anisotropically textured instead. The vapor flow can be rectified leading 

to propulsion of drops, as demonstrated by Linke et al. They developed a 

hydrophobic ratchet having a teeth depth 𝑎 and a teeth distance 𝜆  

(Figure 25).1, 74 

 

Figure 25: Image sequence of a drop (𝑟 = 2 𝑚𝑚) placed on a ratchet.  

For 𝑇 > 𝑇𝐿, a drop propels forward. The ratchet has a teeth depth 𝑎 = 0.2 𝑚𝑚 

and a teeth length 𝜆 = 1.5 𝑚𝑚. The time elapsed between the images is 40 ms. 

From Ref1. 

The propulsion mechanism is attributed to an anisotropic gas flow exerting 

viscous forces between drop and surface, what drags the drop forward.74, 75 The 



Introduction 

 

49 

 

maximum velocity Linke et al. achieved on such a ratchet is about 10 cm/s, even 

though the forces acting on drops in the Leidenfrost state are in the order of ten 

µN. This means, that the drop velocity nearly corresponds to the velocity of the 

water vapor ejection from the drop itself, underlining the low friction forces acting 

on drops in the Leidenfrost state.1 Similarly, solid objects like dry ice and 

camphor crystals were propelled on ratchets.76 

Changing from the lateral to the vertical motion of drops, the Leidenfrost effect 

also plays an important role if drops impinge a hot surface. Technically, this is 

important for spray cooling of hot work pieces.77 Depending on the temperature of 

the surface, the kinetic energy and the size of the drop, different scenarios can be 

distinguished:78 

i) The drop boils upon contact (contact boiling). 

ii) At 𝑇𝑠𝑢𝑟 > 𝑇𝐿 the drop spreads out but there is a vapor film between drop 

and surface which prevents contact and allows the drop to bounce back 

(gentle film boiling).  

iii) The drop does both, i) and ii): Tiny drops are ejected when the drop 

spreads out on its vapor cushion (spraying film boiling). 

In the case of ii) and iii), the drop can rebound several times after the initial 

reflection from the surface. This is similar to drop impact on super liquid-repellent 

surfaces.1, 78-80 

Lee and Song showed that the rebound dynamics at a certain temperature can 

be tuned by surface texturing.81 They compared the behavior of water drops 

impinging a smooth hydrophobic surface and a specially textured hydrophobic 

surface, both heated to 140 °C. The textured surface consisted of a periodic array 

of holes (Figure 26a and b). The drops were dropped from low heights, i.e. they 

had low initial kinetic energy at impact. The smooth hydrophobic surface was 

initially wetted by the impinging water drop and the drops had an apparent 

contact angle of about 100°. After more than 2 s the drops showed an apparent 

contact angle of about 160° and had an overall lifetime of more than 30 s, proving 

that they entered the Leidenfrost state. 



The Leidenfrost effect 

50 

 

 

Figure 26: Dynamic behavior of water drops in contact with smooth and textured 

surfaces, both having 140 °C. a) and b) show electron microscopy images of the 

textured surface, a periodic array of holes. c) and d) show time sequences of 

optical images for a drop contacting c) a smooth hydrophobic surface and d) a 

textured hydrophobic surface. Reprinted from Ref81, with the permission of AIP 

Publishing.  

In contrast, water drops did not wet the textured surface in Figure 26d, but are 

reflected and bounced repeatedly for more than 50 times at low energy 

dissipation. This was attributed to an overpressure build up underneath the drop 

due to water evaporation. This resulted in an upward force, partially 

compensating for the energy losses due to drop deformation and adhesion.  

Schutzius et al. showed that drops can spontaneously start to bounce without 

having any initial kinetic energy.82 More precisely, the drops were in rest on a 

superhydrophobic surface. The ambient pressure was quickly reduced at a rate 

of 0.1 bar/s down to 0.01 bar. The drops started to vibrate and finally bounced 

repeatedly when the pressure was decreased (Figure 27). The jump height 

successively increased up to a few mm for a drop with a radius of about 1 mm. 

This effect results from: i) the low liquid-solid adhesion between drop and 

surface, ii) from overpressure generated below the drop resulting from its fast 

vaporization, which is analogue to the Leidenfrost effect, iii) the surface 

roughness which confines the vapor flow and supports the pressure build up. 
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Figure 27: Spontaneous drop bouncing by reducing ambient pressure: a) Image 

sequence of a drop (𝑟 ≈ 1 𝑚𝑚) initially in rest which starts to bounce. Inset: SEM 

of the superhydrophobic pillar array. b) Bounce heights of the drop shown in a) as 

function of time. Reprinted by permission from Macmillan Publishers Ltd: 

Nature82, copyright 2015. 

 

1.3.3 Challenges and opportunities in drop and object manipulation using 

transition and film boiling  

Momentarily, repeated, long-lasting bouncing of drops, starting from either a 

stationary state or upon contacting a hot surface at low kinetic energy, seems to 

rely on structured surfaces. This comes from mainly three prerequisites: i) high 

initial contact angles before jumping, ii) a low solid-liquid adhesion between drop 

and surface and iii) a confined, rectified vapor flow between drop and surface 

which leads to an upward force. Hydrogels are water-infused polymeric networks 

and consist of up to 99 wt% water.83 Spherical hydrogel balls are consequently 

similar to balled up water drops on super liquid-repellent surfaces in terms of 

solid-liquid contact area and shape. This allows investigating if jumping off and 

repeated bouncing is necessarily due to a specific surface texture or if it is more 

strongly connected to the drop shape and properties than expected. In other 

words, is it possible to make spherical hydrogel balls jump from and bounce on a 

smooth surface if the temperature of the surface is ramped up from room 

temperature to above 𝑇𝐿? This approach allows decoupling surface texture from 

the jumping and bouncing mechanism.  
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Heat induced jumping from the surface and repeated bouncing of water and 

hydrogel balls is potentially interesting for two aspects: i) The hydrogel balls can 

also be seen as shape-stable, elastic solids. From this point of view, making 

hydrogel balls jump from and bounce on smooth surfaces conceptually connects 

to the idea to overcome the adhesion force between two solids by heating. ii) 

Repeated bouncing of water drops on surfaces can be a strategy to clean them. 

The dirt particles attach to the drops when they impinge the surface and are 

removed together with the drops when they bounce off. A spontaneous, heat-

initiated jumping from the surface of drops could efficiently entrain particles with 

even higher adhesion forces to the surface which might not be taken up solely by 

bouncing drops. 
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1.4 Liquid marbles 

In some cases, particles efficiently stabilize fluid-fluid interfaces. This happens if 

the adsorption of the particles to the interface is energetically more favorable than 

a complete immersion in one or the other phase. Depending on the fluids and the 

hydrophilicity or hydrophobicity of the particles, different kind of particle-stabilized 

interfaces can be obtained (Figure 28).84, 85 Two popular examples are Pickering 

emulsions (liquid-in-liquid)86 and water-in-air emulsions, so-called dry water. 

 

Figure 28: Overview of particle stabilized fluid-fluid interfaces. Left part: 

hydrophilic particles stabilize oil and air in water. Right part: hydrophobic particles 

stabilize water in oil and air. Reprinted by permission from Macmillan Publishers 

Ltd: Nature Materials85, copyright 2006. 

The adsorption of particles to the interface is favored if the energy of the entire 

system is lower in the mixed state than it was for the individual components 

before mixing. This is illustrated in Figure 29 for the adsorption of a single 

particle to a drop of water: In this simplified image, a particle sticks out of the drop 

by a distance 𝑑 = 𝑟(1 − cos(𝜃𝐸)). The change in surface free energy upon 

adsorption is based on the replacement of a circular, cap shaped part of the 

particle’s solid-air interfacial area 𝐴 𝑠𝑎 by a solid-liquid interfacial area 𝐴𝑠𝑙 of the 

same size, i.e. 𝐴 𝑠𝑎 = 𝐴𝑠𝑙. 
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Figure 29: Illustration of a particle adsorbing to the liquid-air interface of a drop. 

Adsorption leads to a reduction of the free surface energy of the particle-drop 

system. Adapted from Ref15 with permission of The Royal Society of Chemistry.  

In parallel, a part of the liquid-air interfacial area of the drop 𝐴𝑙𝑎 is replaced by a 

liquid-particle interaction. The adsorption of the particle is energetically favored if 

the change in net free surface energy ∆ 𝑓 is negative:15 

∆ 𝑓 = 𝐴𝑠𝑎(𝛾𝑠𝑙 − 𝛾𝑠𝑎) − 𝐴𝑙𝑎𝛾𝑙𝑎 < 0      (eq. 1.8) 

Here, 𝛾𝑠𝑙, 𝛾𝑠𝑎 and 𝛾𝑙𝑎 are again the solid-liquid, solid-air and liquid-air interfacial 

tensions, respectively. Insertion of Young’s equation in the form 

−𝛾𝑙𝑎cos (𝜃𝐸) = 𝛾𝑠𝑙 − 𝛾𝑠𝑎 and subsequent rearrangement leads to: 

∆ 𝑓 = −𝐴𝑆𝐴𝛾𝐿𝐴  (cos(𝜃𝐸) +
𝐴𝐿𝐴

𝐴𝑆𝐴
)      (eq. 1.9) 

For spherical particles the ratio of the interfacial areas is given as: 

𝐴 𝐿𝐴

𝐴 𝑆𝐴
=

1−cos(𝜃𝐸)

2
         (eq. 1.10) 

Eq. 1.10 is always positive for 0° < 𝜃𝐸 < 180° and ∆ 𝑓 in eq. 1.9 is consequently 

negative. This means that for 0° < 𝜃𝐸 < 180° particle adsorption is always 

energetically favored. For both extreme cases, i.e. 𝜃𝐸 = 0° and 𝜃𝐸 = 180°, no 

stable adsorption is possible. For 𝜃𝐸 = 0°, the particle is completely engulfed by 

the liquid, and for 𝜃𝐸 = 180°, ∆ 𝑓 = 0 and no energy is gained by adsorption of the 

particle. The adsorption energy reaches its highest value for 𝜃𝐸 = 90°.13, 15 

In this sense, liquid marbles are millimetric to centimetric particle-stabilized drops 

in air. They can be easily prepared by rolling a liquid on a powder bed of suitable 

particles for about a minute. This leads to a densely packed shell of particles 

around the drop. The procedure is schematically shown in Figure 30. The shell 

can consist of a monolayer or multilayers of particles. This depends on the 
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surface tension of the liquid, morphology and size of the particles or flocs. 

Particles in the first layer are more strongly bound to the drop due to a strong 

solid-liquid interaction. Particles in the outer layers generally interact less well 

with the liquid and mainly attach to other particles by van der Waals interaction. 

Thus, particles in the outer layers eventually detach from liquid marbles when 

they are moved over a substrate.  

 

Figure 30: Preparation of liquid marbles by rolling a water drop over a bed of 

particles which adsorbed to the interface. Adapted from Ref15 with permission of 

The Royal Society of Chemistry.  

The particle shell of liquid marbles is remarkably robust to mechanical stress. 

Therefore, they can be transferred, e.g. by a spoon, to a different substrate after 

their preparation.12, 13, 16 In nature, galling aphids rely on a similar strategy for 

waste disposal: The aphids live in small plant dwellings and secrete honeydew. 

To remove the unwanted honeydew from their dwellings, the aphids encapsulate 

the dew with wax particles. The aphids then push these liquid marbles out of their 

dwelling.87, 88  

Thus, the encapsulated liquid is efficiently shielded from the substrate and the 

liquid inside the liquid marble forms contact angles close to 180°. The 

encapsulation efficiently lowers the adhesion force between the liquid and the 

substrate resulting in a high mobility of liquid marbles.14, 16 This is conceptually 

similar to drops on super liquid-repellent surfaces and drops in the Leidenfrost 

state.16 What is different is that the non-wetting properties are attached to the 

drop and are part of it until the liquid marble breaks. This allows placing liquid 

marbles on various substrates, which are intrinsically not super liquid-repellent or 

hot. Liquid marbles can even be placed on liquid interfaces. Depending on the 

wetting properties of the powder not only water but also many non-polar and 
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functional liquids can be encapsulated (Figure 31a).89, 90 Xue et al. demonstrated 

the encapsulation of liquids spanning surface tensions from 72.8 mN/m (water) 

down to 21.6 mN/m (octane).90 Some liquid marbles can even float on water and 

hexadecane (Figure 31b).  

 

Figure 31: a) Different liquids (dyed, 3 μl) encapsulated by a fluorinated decyl 

polyhedral oligomeric silsesquioxane (FD-POSS) forming liquid marbles. The 

surface tension decreases from left to right. b) Different liquid marbles floating on 

either water (left) or hexadecane (right). Scale bar: 1 mm. From Ref90. Adapted 

with permission from John Wiley and Sons. 

 

1.4.1 Manipulation and application of liquid marbles 

Liquid marbles can be used for the loss-free transport of drops. At a given place 

and time, liquid marbles can be broken by an external stimulus to release the 

inner liquid. The movement of liquid marbles can be achieved by different 

schemes and methods, e.g. electromagnetically, mechanically or by other means 

like pH or temperature changes.13, 89, 91 An overview of the different schemes and 

methods to manipulate liquid marbles is given in Figure 32. 



Introduction 

 

57 

 

 

Figure 32: Overview of different schemes to manipulate liquid marbles. Each 

scheme consists of several methods, capabilities and their potential applications. 

From Ref89. With permission of Springer. 

In this context, the term manipulating involves movement, release and also 

functional applications of liquid marbles, which will be discussed in the following. 

The most common way to move and manipulate liquid marbles without directly 

contacting them is to use magnetic forces.90, 92-94 For this method, magnetic 

particles need to be either part of the shell material or part of the liquid. The 

magnetic field declines with 
1

𝑟2 and the magnet is typically at a distance of a few 

mm to cm away from the liquid marbles. A magnetic marble resting on a solid or 

on a liquid interface can be rolled or moved over it if a magnet is brought close as 

shown in Figure 33. Liquid marbles cannot only move laterally, but also vertically, 

e.g. by electrostatic forces.13 Furthermore, they can also sink and rise vertically in 

water. Chu et al. prepared chloroform filled, photo-thermally active liquid marbles. 
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Figure 33: Magnet-induced motion of liquid marbles (7 µl). The shell consists of a 

blend made of fluorinated decyl polyhedral oligomeric silsesquioxane (FD-POSS) 

and hydrophobic Fe3O4. The white stained area is pure FD-POSS. The liquid 

marble a) rolls on a solid and b) drifts on a liquid interface. Scale bar: 1 mm. 

From Ref90. Adapted with permission from John Wiley and Sons. 

Placed in a water bath, the liquid marbles sunk due to the higher density of 

chloroform compared to water. Irradiation of the photo-thermally active shell 

converted light into heat and caused some of the chloroform to evaporate inside 

the liquid marble. This provided enough buoyancy for the liquid marble to rise 

vertically. When the light-based heat supply stopped, the chloroform condensed 

again and the liquid marble sunk.95 

Once liquid marbles are at a desired, specific place, the inner liquid can be 

released by an external stimulus. This can be achieved using mechanical 

pressure, pH, light, temperature or other stimuli. 92, 96-103 For some stimuli, e.g. 

pH, the encapsulating powder needs to be special designed. The shell material 

needs to change its wettability if it is exposed to the specific stimulus. This 

causes instability of the liquid marbles leading to their spontaneous 

disintegration.  

In terms of potential applications, liquid marbles can serve as miniaturized 

chemical reactors. For example, they can be used as gas sensors.104 The 

surrounding gas can diffuse through the porous shell and interact with an 

encapsulated indicator (Figure 34). Floating liquid marbles can thus be used to 

probe the pH of the air-water interface they float on. Such microreactors are also 

interesting to process small amounts of expensive or delicate reactants and 

substances. The reactants can be mixed either by magnetically forced 

coalescence of two liquid marbles or by slightly opening the shell of a liquid 

marble using a magnet and adding the reactants stepwise to the 



Introduction 

 

59 

 

microreactor.90-94 After the reaction, the liquid marbles can be analyzed by 

spectroscopy or other analytical tools.90 

 

Figure 34: Gas sensing liquid marbles. Four groups of three liquid marbles each 

containing water, phenolphthalein, CoCl2 and CuCl2 solutions (left to right) are 

shown. a) Before exposure to ammonia gas, b) after exposure to ammonia gas. 

The colors of the liquid marbles containing an indicator changed. Adapted from 

Ref104 with permission of The Royal Society of Chemistry.  

Miao et al. exploited the interplay between the powder shell and the liquid 

(Figure 35). They prepared a catalytically active powder shell from 

perfluorodecanethiol-grafted silver nanowires. Encapsulated drops of methylene 

blue were successfully reduced in a redox reaction in the presence of sodium 

borohydride (NaBH4).
105 

Sheng et al. focused on the chemical modification of the particles encapsulating 

the liquid. They obtained polydopamine-coated Janus particles by encapsulation 

of a basic dopamine solution with silica particles.106 The percentage of surface 

coating could be controlled by the addition of a surfactant and the polydopamine-

coated part could be further functionalized.106  

Liquid marbles were also used for biological and diagnostic assays. Cells107 and 

aerobic microorganisms108 were cultured and investigated. Arbatan and co-

workers were able to conduct blood grouping of human blood by using “blood 

marbles”109 and the potential of liquid marble-based DNA/RNA/protein 

microarrays16 is under discussion. 
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Figure 35: Catalytic liquid marbles. a) Schematic of a solution of methylene blue 

and sodium borohydride being encapsulated by hydrophobized silver nanowires. 

b) The solution inside the catalytic liquid marble is shown after different 

incubation times. The solution changes from blue to transparent due to the 

successive reduction of methylene blue. c) Control experiment: The solution is 

incubated for the same time intervals like b), but no silver wires are present. 

Within the same time interval, the color of the solution does not change to 

transparent. From Ref105. Published by The Royal Society of Chemistry. 

 

1.4.2 Challenges and opportunities of liquid marbles 

The above mentioned examples show how versatile millimetric marbles are and 

how precisely they can be manipulated in terms of movement and release of the 

inner liquid. Their capability to serve as microreactors and sensors arouse strong 

interest over the last years, but practical implementation is slow. One of the major 

reasons for the reluctant adoption of liquid marbles in any practical 

implementation is that the preparation, use and analysis of liquid marbles are 

delicate and time-consuming. Automated setups, e.g. for liquid marble cell-

culturing or blood typing, would be a significant step forward in terms of a broader 

applicability. One of the challenges hereby is the precise control and handling of 

individual liquid marbles in time and space. Though convenient, magnet-induced 

movement lacks spatial selectivity to manipulate several liquid marbles 

independently due to the 
1

𝑟2 dependency of magnetic fields. If neighboring liquid 
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marbles are too close to each other and within reach of the magnetic field they 

might also be manipulated unintentionally. This results in a minimum distance 

between liquid marbles for a precise, individually manipulation using magnets 

and also negatively affects the dimension of a potential, practical setup. A 

spatially more precise and selective technique to move liquid marbles in time and 

space could contribute to make such a platform more practical in future. 
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1.5 Aim of the thesis 

Super liquid-repellent surfaces, the Leidenfrost effect and liquid marbles have in 

common that the adhesion between surface and drop is strongly reduced by 

entrapped air pockets between both. Based on this common ground, this thesis 

presents individual contributions which focus on current demands and 

developments in the respective fields.  

First off, I want to investigate if force sensitive measurements can be used to 

quantify the mechanical properties of super liquid-repellent surfaces. This allows 

obtaining intrinsic material properties like the effective elastic modulus in contrast 

to qualitative tests, e.g. linear abrasion. The measurements are performed using 

a colloidal indenter mounted to a scanning probe microscope (SPM). This 

combines benefits from nanoindentation and scanning probe microscopy, i.e. a 

large contact area can be probed with a high sensitivity. This is required for most 

super liquid-repellent surfaces because they are inherently rough and fragile. The 

technique is tested on candle soot-based super liquid-repellent surfaces. In a first 

study, the influence of the sooting height is investigated with respect to the 

position of the substrate in the flame by comparing the wetting properties of the 

respective surfaces obtained from different heights. In a second study, the role of 

the fabrication parameters on the mechanical properties is investigated. The 

results are compared to systematic wetting measurements to balance the 

mechanical strength of the coating against its repellency. Eventually, this 

technique turns out to be a valuable, complementary test to characterize the 

mechanical properties of super liquid-repellent surfaces. 

Then I want to investigate if continuous heating of a surface can be used to 

overcome the adhesion between drop-like hydrogel balls and a smooth surface. 

Ideally, the hydrogel balls spontaneously jump from and bounce repeatedly 

thereafter due to fast vaporization of the water on and in the gel. This connects to 

a recent observation, where water drops on superhydrophobic surfaces started to 

jump when the surrounding pressure was reduced. Here, shape-stable hydrogel 

drops with high water content are used instead of pure water drops, which makes 

using a superhydrophobic surface redundant to provide high contact angles and 

a smooth surface can be used instead. This allows decoupling the jumping 

mechanism from the surface texture. Jumping from the surface and repeated 
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bouncing are further investigated as a function of hydrogel elasticity. This 

connects the controlled heat transfer between smooth surfaces and drops to drop 

bouncing based on fast water evaporation. 

Finally, I want to investigate how to control the movement and release of liquid 

marbles - powder encapsulated drops - in space and time. The movement is 

important to transport the inner liquid to a certain location, where a reaction or 

analysis can then be triggered by a controlled release of the inner liquid. Inspired 

by the stenus beetle and the soap boat, I want to prepare photo-thermally 

responsive liquid marbles which can convert light into heat. If the liquid marble 

sits on an air-water interface, the heat can lead to propulsion of the liquid marble 

based on a heat-induced surface tension flow (Marangoni effect). This allows the 

liquid marble to move to a desired place and its content can then be released by 

a stimulus. Furthermore, I want to investigate if such light-driven liquid marbles 

can be used as towing engines to push objects floating at the air-water interface, 

similar to ants lifting a cargo. I will conduct this project as a visiting scientist in the 

group of Assoc. Prof. Syuji Fuji (Osaka Institute of Technology in Osaka, Japan) 

and in close cooperation with Assoc. Prof. Hiroyuki Mayama (Asahikawa Medical 

University, Japan). 

Hence, these contributions support recent developments in the mechanical 

refinement of super liquid-repellent surfaces and demonstrate new strategies for 

the manipulation of drops using the Leidenfrost effect and liquid marbles. 
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2.1 Abstract: 

Liquid repellent layers can be fabricated by coating a fractal-like layer of candle 

soot particles with a silicon oxide layer, combusting the soot at 600°C and 

subsequently silanizing with perfluoroalkylsilanes. Drops of different liquids 

deposited on these so-called "superamphiphobic" layers easily roll off thanks to 

the low liquid-solid adhesion. The lower value of the surface tension of liquids 

that can be repelled depends on details of the processing. Here, we analyze the 

influence of the soot deposition duration and height with respect to the flame on 

the structure and wetting properties of the superamphiphobic layer. The mean 

diameter of the soot particles depends on the distance from the wick. Close to the 

wick, the average diameter of the particles varies between 30 – 50 nm as 

demonstrated by scanning electron microscopy. Close to the top of the flame the 

particles size decreases to 10 – 20 nm. By measuring the mass of 

superamphiphobic layers and their thickness by laser scanning confocal 

microscopy in reflection mode, we could determine that the average porosity is 
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0.91. The height-dependent structural differences affect the apparent contact and 

roll-off angles. Lowest contact angles are measured when soot is deposited close 

to the wick due to wax that is not completely burnt, smearing out the required 

overhanging structures. The small particle size close to the top of the flame also 

reduces contact angles, again due to decreasing size of overhangs. Sooting in 

the middle of the flame led to optimal liquid repellency. Furthermore, for sooting 

times longer than 45 s the properties of the layer did not change with sooting 

time, verifying the self-similarity of the layer. 

 

2.2 Introduction 

Superamphiphobic layers repel water and oils.1-2 Tilting a superamphiphobic 

surface by less than 10 degrees is enough to allow droplets to roll-off. 

Superamphiphobic layers are “self-cleaning”, which means that water, soap 

solutions and oil drops are able to remove dust and contaminants while rolling off 

the surface. Superamphiphobic layers can serve as almost contact-free 

substrates for many liquids and solutions.  

In general, the wetting behavior of a surface can be characterized by the value of 

the contact angle of a liquid droplet deposited on it. The liquid may spread 

completely or form a finite contact angle Q. For a smooth, homogeneous surface, 

the contact angle of a liquid droplet on a solid surface in thermodynamic 

equilibrium can be calculated theoretically by Young’s equation.3 

γ
lv

cos(Q𝐸) = (γ
sv

− γ
sl

)       (eq. 2.1) 

Here, 𝛾𝐿𝑉, 𝛾𝑆𝑉 and 𝛾𝑆𝐿 are the liquid-vapour, solid-vapour, and solid-liquid surface 

tensions, respectively. If the surface tension of the solid-air interface is higher 

than that of the solid-liquid interface (𝛾𝑆𝑉 > 𝛾𝑆𝐿), the right side of the Young 

equation is positive. As a consequence, cosQ is also positive, corresponding to a 

contact angle between 0 and 90°; the surface is lyophilic. When the right side of 

the Young equation is negative (𝛾𝑆𝑉 < 𝛾𝑆𝐿), cosQ is negative; this corresponds to 

a contact angle higher than 90°and the surface is lyophobic. In the case of 

smooth surfaces, the highest contact angle observed for a water drop is about 

120° on fluorinated materials.  
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To reach higher apparent contact angle, the surface needs to be textured. For 

textured surfaces, the apparent contact angle can exceed 150°, if the texture 

leads to an entrapment of air.4 On such composite surfaces the drop partially sits 

on air pockets. The situation, where the drop sits to a significant degree on air, is 

called the Cassie-state.5 In addition to the high apparent contact angle, the drop 

rolls off at small tilting angles. A surface is called super-repellent with respect to a 

certain liquid if the liquid forms an apparent contact angle above 150° and a drop 

rolls off at a tilting angle below 10°.6-8  

No naturally occurring flat surface is known to show a contact angle greater than 

90° for organic liquids. Few synthetic superamphiphobic surfaces have been 

reported9-16, as they are considerably more difficult to create than 

superhydrophobic surfaces. Tuteja et al. proved that careful design of the 

topography of a surface allows constructing surfaces with a contact angle for 

hexadecane close to 160°, although the flat surface was oleophilic.2 Composite 

surfaces with convex small-scale roughness and overhanging structures can 

provide a sufficient energy barrier to prevent complete impalement of the 

liquid.17-19 When the liquid impales a superamphiphobic layer and the entrapped 

air is displaced is called the Wenzel state.20 Superamphiphobicity is lost in the 

Wenzel state and only exists in the Cassie state.  

Lately we developed a facile method to fabricate transparent superamphiphobic 

layers by using candle soot as a template.21 Soot is well-known for its good 

water-repellency.22-23 This procedure is applicable to a whole variety of different 

substrates, which can be heated to 600°C such as glass plates, metal pieces and 

meshes. In this manuscript, we show that the size and shape of deposited soot 

can be tuned by the soot deposition procedure. Large aggregates are formed 

close to the wick, whereas small particles are deposited if the substrate is placed 

close to the top of the candle flame. Size and shape of the particles change the 

level of liquid repellency of the layer.  

 

2.3 Materials and methods 

Chemicals. All chemicals were used without further purification: Ammonia (25% 

in water, Fluka, Germany), tetraethoxysilane (TEOS, 98%, Acros Organics, 
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Belgium), absolute ethanol (>99,8%, Sigma-Aldrich, Germany) and 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%, Sigma Aldrich, Germany). Milli-

Q water was obtained from a Millipore purification system operating at 18.2 MΩ 

cm. The glass slides, Menzel GmbH, Germany and silicon wafers (Si-Mat, 

Germany) taken as a substrate for the superamphiphobic layers were cleaned 

with a Hellmanex II solution (Hellma GmbH). 

Characterization methods. The morphology of the soot particles and the layer 

were characterized by scanning electron microscopy (SEM, low voltage LEO 

1530 Gemini, Germany, and SU8000, Hitachi, Japan). The samples were 

prepared on a silicon wafer and investigated without further treatment. The 

thickness of the layer and its topography were determined by laser scanning 

confocal microscopy (LSCM, Leica, TCS SP5 II – STED CW).24 Static contact 

angles and roll-off angles were measured in the sessile drop configuration 

(Dataphysics OCA35, Data Physics Instruments GmbH, Germany). Contact and 

roll-off angles were measured at six positions after depositing a 6 µl water droplet 

on the surface, removing the needle and tilting the stage at a speed of 1.3°/s. 

Simultaneously the shape of the droplet was recorded. Increasing the speed by 

one order of magnitude or droplet volume by a factor of two did not change the 

tilting angle within experimental accuracy. The chemical composition of the layer 

was investigated using a confocal Raman microscope (Bruker, Senterra). 

Sooting of samples. Preparation of superamphiphobic layers (Figure 1) starts 

with sooting.21,25 Silicon wafers or glass slides (2 x 2 cm2, Menzel) were used as 

substrates. The substrates were cleaned with Hellmanex II solution prior to 

usage. The samples were coated with an automated sooting machine, which 

could hold and move the substrate. The horizontal range of the linear sooting 

movement was 18 cm and a full cycle took 1.4 s. The velocity followed a 

sinusoidal profile to reduce vibrations close to reversal of direction. 
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Figure 1: Schematic of the fabrication of superamphiphobic surfaces. A) 

deposition of soot. B) Chemical vapor deposition of tetraethoxysilane coats the 

soot with a silica shell. C) Combustion of the soot renders the surface 

transparent.  

The range of the sooting movement exceeded the size of the substrates by a 

factor of 9. Therefore, the velocity of the substrate was almost constant while 

sooting. The distance of the substrate from the candle wick was fixed during 

deposition and could be varied between 0 – 3 cm. 

Chemical vapor deposition (CVD) of tetraethoxysilane (TEOS). Soot coated 

samples were transferred to a desiccator and two snap cap vials with a diameter 

of 2.4 cm and a volume of 30 ml were placed next to the samples. One snap cap 

vial was filled with 3 ml ammonium hydroxide aqueous solution and the other vial 

with 3 ml TEOS. The desiccator was sealed and vacuum was applied for 30 s 

(250 mbar). The vacuum was slowly released by opening the desiccator valve up 

to the point where a faint hissing could be noticed. The pressure in the desiccator 

reached 1 atm after 1 min. CVD was carried out for 24 h, if not stated otherwise. 

Similar to a Stöber reaction, silica is formed by hydrolysis and condensation of 

TEOS catalyzed by ammonia. Samples were directly used after preparation. 

Combustion. CVD-coated  samples were heated for 2 hours at 600°C becoming 

nearly transparent. 
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Hydrophobization. After combustion the samples were coated with 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane. Again, samples were transferred to a 

desiccator and a snap cap vial with a diameter of 2.4 cm and a volume of 30 ml 

was filled with 100 μl trichloro(1H,1H,2H,2H-perfluorooctyl)silane and placed next 

to the samples. The desiccator was sealed and vacuum was applied until the 

pressure reached a value of 200 mbar (1 min). The vacuum was released after 

3-4 hours. To remove the excess of not chemically bound trichloro(1H,1H,2H,2H-

perfluorooctyl)silane, the samples were placed in an oven at 60°C and 200 mbar 

for 2 hours. 

The properties of the superamphiphobic layer depend on details of the sooting 

procedure as well as on the period of CVD of TEOS. Both influence the 

nanoscale structure, which plays an important role for the superamphiphobic 

character of the sample. Therefore, sooting parameters play a crucial role for the 

density, mechanical strength and superamphiphobicity of these surfaces. 

Variation of sooting height and time permits to tune the structure of the soot 

template. 

 

2.4 Results 

2.4.1 Deposited soot mass 

In order to explore the influence of soot deposition parameters we designed an 

automated sooting device, which permits varying the distance of the candle wick 

to the substrate, hi. To compare different flames, we use the relative sooting 

height Ri = hi /H in the following. Here, H denotes the height of the flame 

(Figure 2). To explore the mass of deposed soot with regard to the different 

sooting heights and times, glass substrates with a dimension of 2 x 2 cm2 were 

coated using the automated sooting device. We measured the mass of the glass 

substrate before and after sooting. The soot mass deposited increases linearly 

with sooting time although the error is large for low sooting times and for 

substrates that were positioned just above the wick, for R = 0.25 (Figure 3). The 

gas flow may inhibit effective and homogenous absorption of soot particles onto 

the glass. The maximal deposition rate is obtained at R = 0.45. Close to the top of 
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the flame, R = 0.92, the amount of deposited soot per unit of time decreases 

again, likely due to partial combustion of the soot particles. 

 

Figure 2: Image of a candle flame. The black solid lines denote the positions of 

the substrate (glass slide or silicon wafer). The different sooting heights, hi, were 

measured with respect to the wick, dotted line. In most cases, the flame height 

was H ≈ 3 cm. This corresponds to relative sooting heights: R1 = 0.92, R2 = 0.64, 

R3 = 0.45, and R4 = 0.26 from top to bottom.   

To gain more insight into the size and shape of the deposited particles we 

investigated the surface of the layer by scanning electron microscopy (Figure 4). 

Close to the top of the flame, R = 0.92, the particles are almost spherical but they 

are too small to be clearly resolved. 

 

Figure 3: Deposited soot mass on a 2 x 2 cm2 glass slide for different sooting 

times and heights. Each data point represents the arithmetic mean of two or three 

independent measurements. The solid lines are guides to the eye.  

The particles with a diameter of 10 to 20 nm (Figure 4a) assemble in particles 

strands varying in length, orientation, and shape. The strands form a highly 
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porous fractal-like network (Figure 4b). Close to the wick, R = 0.25, the particles 

are larger and less spherical (Figure 4c, Figure 5a).  

 

Figure 4: Dependence of the size and shape of the soot particles on the sooting 

height. The substrates were sooted for 20 s. Images a) and b) were taken at  

R = 0.92. Images c) and d) were taken R = 0.25. 

High magnification SEM shows that aggregates are formed which seem to 

consist of several isolated particles. It is possible that the wax is not fully burned, 

causing that neighboring particles are embedded in a layer of evaporated wax. At 

lower magnification, the denser network still appears fractal-like (Figure 4d). To 

check whether incompletely burned wax is the reason for the formation of 

aggregates, we heated the deposited soot in a vacuum oven for 3 h at 200 °C.  

 

Figure 5: SEM images showing the morphology of soot deposited at low sooting 

height, R = 0.25. a) Image was taken directly after depositing soot for 20 s. 

b) Image was taken after heating the soot coated substrate for 3h at 200 °C in a 

vacuum oven.  
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At this temperature, wax evaporates slowly. After heating, the irregularly shaped 

aggregates are shown to consist of almost spherical soot particles (Figure 5b). 

The size of the particles varied between 30 and 50 nm. Thus, close to the wick 

evaporated wax can lead to cluster formation, whereas close to the top of the 

flame combustion causes smaller particle sizes. 

 

2.4.2 Network structure for different sooting times 

To test whether the morphology of the network depends on the sooting time, 

different sooting times between 20 s and 3 min were explored. Neither the 

topography of the layer nor the size and shape of the particles changed with the 

sooting time, as indicated by SEM images taken at different magnifications 

(Figure 6). This supports the self-similarity of the layer. Therefore, the final 

properties of the layer should be independent on the sooting time in agreement 

with our previous findings. 

For the time-dependent measurements, we select samples coated at a middle 

height (R = 0.64). The samples shown in Figure 6 were not heated before the 

SEM images were taken.  

 

Figure 6: SEM images showing the dependence of the morphology and particle 

size on sooting time and magnification, R = 0.64. a) to c) the substrates were 

sooted for 20 s. d) to f) the substrates were sooted for 120 s. 
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The high-resolution SEM images show that the particle aggregates are made up 

of almost spherical carbon beads, having a size of 40 ±10 nm, i.e. still much 

larger than those close to the top of the flame. At this height, hardly any wax 

could be resolved, implying that at this height the wax already burned completely 

(Figure 6c and 6f). This renders heat treatment of the samples before usage 

unnecessary. 

2.4.3 Analyzing soot composition by Raman spectroscopy 

The soot particles are only connected by weak physical bonds. Therefore, the 

fractal-like structure is fragile. To improve its mechanical stability we developed a 

technique to coat the soot particles with a silica shell. However, for a good 

chemical bonding of TEOS to the soot surface, a surface functionalization with 

hydroxyl groups would be beneficial. Raman spectroscopy was used as a non-

destructive tool to verify the presence of hydroxyl groups. We deposited a thick 

layer of soot (> 100 µm) on a platinum substrate to ensure that the substrate 

does not contribute to the Raman signal. For comparison, we measured the 

spectrum of pure soot (Figure 7, black line) and the soot layer after CVD of 

TEOS (Figure 7, red line). Since the preparation of the soot took place in air, the 

soot samples can chemically be described as CxHyOz, with x>>y,z. Rather pure, 

unordered carbons with different sp2/sp3 ratio gives usually rise to various intense 

D- and G- bands in the spectra with almost no or only broad, unstructured 

contributions in the range of 2500-3500cm-1 where C-H stretching vibrations are 

expected.  

 

Figure 7: Raman spectrum of soot (black line) and silica-coated soot (red line). 

The spectra proof the hydrophilicity of the soot surface, due to the presence of 

OH-groups. Sooting height: R ≈ 0.64. Laser excitation: 488 nm.  
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Highly ordered (few layer) graphene or graphitic materials lead to well resolved 

D, G, D´, D+D´´, 2D, D+D´and 2D´contributions, the last four also located in the 

above-mentioned region.26-28 Since ternary CxHyOz materials still have significant 

amounts of aliphatic and aromatic CH- bonds and also C-OH- bonds (of weak 

Raman activity) in the same region, the Raman modes of weakly crystalline 

carbonaceous materials, such as soot, can reveal significant contributions of 

these moieties in this region. In that case, the features resulting from highly 

crystalline graphene structures can be excluded if broad D and G band structures 

are present.  

For both samples, the Raman spectrum shows a broad D-peak at 1360 cm-1 and 

G-peak at 1560 cm-1 indicating a weakly ordered carbonaceous material. In 

addition, in the range from  𝜈 ̃= 2700 to 3300 cm-1 it is possible to assign the 

modes according to the above described arguments for an extremely weak 

ordered carbon material also to originate from superposition of symmetric and 

anti-symmetric aliphatic C-H stretches (𝜈 = 2800-2950 cm-1), aromatic C-H 

stretches (𝜈 ≥3000 cm-1) and O-H stretches (𝜈  3300 cm-1, broad). The latter 

broad peak suggests hydroxyl groups on the soot surface, enabling an ammonia 

catalyzed nucleophilic condensation of TEOS on the surface in order to form an 

enveloping silica network.  

A treatment of the sooted samples before or after TEOS CVD in a water vapor or 

oxygen containing plasma can further enhance the number of OH binding states 

(and also of CH- and CH2 groups in the case of water) at the surface of the 

carbon soot. 

 

2.4.4 Thickness of porous silica 

Coating the soot particle network with silicon oxide keeps the network intact. To 

measure the thickness of the layer we coated the soot deposited on glass 

substrates with silica and combusted the carbon at 600°C. This renders the black 

layer almost transparent. The transparency decreases with increasing thickness 

of the layer. Up to a few tens of micrometers, the thickness of the layer can be 

measured by confocal microscopy in reflection mode. Although the layer is 

largely transparent, a minor part of the light is reflected at the silica-air interfaces 
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(Figure 8). The thickness of the layer is measured at different positions of the 

glass plate. Near the rim of the plate (0 mm), no superamphiphobic layer was 

visible. The black line shows the reflection of the light at the upper surface of the 

glass plate (Figure 8a, inverted intensity scale). The reflectivity curve of the glass-

air interface is almost symmetric, with a width given by the diffraction limit of 

confocal microscopy (Figure 8b, black line). When looking at the 

superamphiphobic layer 5 and 10 mm away from the rim toward the center of the 

glass substrate the peak is followed by a plateau. Light is also reflected up to 10 

µm above the glass-air interface (Figure 8b, red line).  

 

Figure 8: a): Vertical cross-sectional confocal images of the reflectivity along the 

sample measured at different distances from the rim of the glass slide. Image 

width: 180 µm. b) Average reflectivity as a function of height measured at 

different positions of a glass plate; size: 20  20 mm2. The sharp reflection at z = 

0 results from the glass-silica interface. The “plateau” for higher z results from 

light scattered by the porous silica network. Local variations of the layer thickness 

cause that the reflectivity is smeared out. Therefore, we used the inflection point 

to measure the thickness of the layer, red and blue arrow. c) The thickness of the 

silica layer parallel (red data points) and perpendicular (black data points) to the 

sooting direction. This glass plate was sooted for 30 s at R = 0.45, treated for 48 

h with CVD of TEOS and the soot was subsequently combusted.  
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Further above the glass surface, the reflectivity decreases strongly, pointing 

towards the absence of material that can reflect light. From the end of the 

plateau, we estimated the layer thickness (Figure 8b, red arrow). Further 

experiments showed that the thickness of the layer hardly varies parallel to the 

sooting direction (Figure 8c, red data points). Perpendicular to the sooting 

direction it is maximally close to the center and decreases when approaching the 

edges (Figure 8c, black data points). The fluctuations of the layer thickness in the 

“plateau” region arise from local inhomogeneities of the deposition of soot. These 

inhomogeneities are caused by turbulences in the gas stream carrying the soot 

particles. 

2.4.5 Porosity of the layer 

To estimate the mean density of the superamphiphobic layer, the volume and the 

mass need to be known. The volume of the layer can be estimated from the 

thickness of the layer (Figure 8c). Furthermore, the mass of the layer was 

measured after sooting for well-defined periods, as well as after CVD of TEOS, 

combustion of soot and fluorination. This yields for the average density of soot, 

ρsoot = 0.072 ± 0.02 g/cm3 (Figure 9).  

 

Figure 9. Dependence of the density of the soot layer (squares) and of the hollow 

silica layer after fluorination (circles) on sooting time. Before combustion, the soot 

was exposed to CVD of TEOS for 48 h. R = 0.45.  

Although 48 h of CVD of TEOS slightly smears out the overhanging structures, a 

thicker silica shell increases the accuracy of the measurements of the tiny 
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masses. The density of the fluorinated hollow silica network is larger, likely due to 

the high density of silica, ρSiO2 = 0.14 ± 0.03 g/cm3. Note that ρSiO2 depends on the 

period of CVD of TEOS. Within experimental accuracy, the density does not vary 

with sooting time, in agreement with the independence of the morphology on time 

(Figure 6). Assuming a density of the pure soot (amorphous carbon) of 2.0 g/cm3 

and that of amorphous silicon oxide of 2.5 g/cm3 the porosity of the 

superamphiphobic layer is 0.96 and 0.94, respectively. For the silicon oxide, we 

should also consider that the value includes the hollow space which has 

previously been filled by the soot. This space is not available to the liquid. If we 

only ask for the available porosity, this hollow space needs to be taken into 

account. The available porosity is given by adding the porosity of the soot and 

that of the silicon oxide to a final value of 0.91.  

 

2.4.6 Contact angle and roll-off angles 

To transform the hydrophilic silicon oxide layer into a superamphiphobic layer its 

surface was coated by CVD with trichloro(perfluorooctyl)silane. The contact and 

roll-off angle of the final superamphiphobic layer did not change within 

experimental accuracy when the period of CVD was decreased to 1 h. The 

apparent contact angle slightly decreased and the roll-off angle increased when 

the soot was not combusted. Still, the layer can resist wetting of liquids with low 

surface tension such as hexadecane.  

Contact angle measurements. Water was not suitable to reliably measure 

contact and roll-off angles since; the contact angles were too large and drops 

immediately rolled off. Therefore n-hexadecane was used to characterize all 

samples. The surface tension of hexadecane is 27.5 mN/m. It shows a contact 

angle of 64 ±1° on a flat fluorinated surface. Highest contact angles and lowest 

roll off angles were achieved with R = 0.45 and sooting times longer than 45 s 

(Figure 10).  
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Figure 10: a) Dependence of the contact and roll-off angles of hexadecane on 

the sooting height, R. b) Variation of the contact angle and roll off angle with 

sooting time. Relative sooting height: R = 0.45. The error is the standard deviation 

of 6 independent measurements. Drop volume: 6 µL.  

Samples with sooting times of 45 s or less suffer from pinning effects of 

hexadecane, especially for low sooting times. Likely, the layer was so thin that 

the drop can impale the layer. Removal of the drop can cause the removal of the 

topmost part of the layer. 

 

2.5 Conclusions 

The size of the soot particles depends on the sooting height. Close to the wick 

the particles are enveloped by a layer of wax, which can be removed by heating 

in vacuum. The average particle size varies between 30 and 50 nm. Close to the 

top of the flame the particles size decreases to 10 – 20 nm as confirmed by 

scanning electron microscopy. Coating the particles with a silica shell is possible 

due to the presence of hydroxyl groups on the outside of the soot particles. 

Raman spectroscopy also reveals that both the soot and the silica shell are 

amorphous. Combustion of the soot renders the superamphiphobic layer 

transparent. The thickness of the layer can be measured by LSCM in reflection 

mode. The average mass density of soot is 0.07 g/cm3, proving a high porosity of 

the soot layer of 0.96. The contact and roll-off angles depend on the initial sooting 

position, because of the variation in particle size and due to the formation of wax 

coated particle aggregates. Sooting in the middle of the flame led to layers with 

best liquid repellency. These results might promote industrial-scale applications 

of superamphiphobic coatings based on soot. 
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3.1 Abstract: 

Surfaces with self-cleaning properties are desirable for many applications. 

Conceptually, super liquid-repellent surfaces are required to be highly porous on 

the nano- or micrometer scale, which inherently makes them mechanically weak. 

Optimizing the balance of mechanical strength and liquid repellency is a core 

aspect towards applications. However, quantitative mechanical testing of porous, 

super liquid-repellent surfaces is challenging due to their high surface roughness 

at different length scales and low stress tolerance. For this reason, mechanical 

testing is often performed qualitatively. 

Here, the mechanical responses of soot-templated super liquid-repellent surfaces 

are studied qualitatively by pencil and finger scratching and quantitatively by 

mailto:butt@mpip-mainz.mpg.de
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atomic force microscopy, colloidal probe force measurements and 

nanoindentation. In particular, colloidal probe force measurements cover the 

relevant force and length scales. The effective elastic modulus, the plastic work 

Wplastic and the effective adhesive work Wadhesive, are quantified. By combining 

information from force measurements with measurements of surface wetting 

properties, it is shown that mechanical strength can be balanced against low 

wettability by tuning the reaction parameters.  

 

3.2 Introduction 

Super liquid-repellent surfaces, or so-called superhydrophobic or 

superamphiphobic surfaces gained much attention1-6 due their potential 

applications e.g. as self-cleaning coatings7, membranes for gas exchange8,9 or to 

suppress the formation of biofilms.10 Liquid drops resting on these surfaces 

exhibit receding contact angles of more than 140° and easily roll-off at tilting 

angles lower than 10°. The excellent liquid repellency results from a low contact 

area of the drop with the substrate. Hereby, the drop rests on the top faces of 

micrometer-sized protrusions, separated from the substrate by air cushions.11,12 

The receding contact angle of the drop increases with the average distance and 

decreasing width of the surface protrusions. To achieve super liquid-repellency 

surface protrusions need to have overhangs.13-15 

From these prerequisites, it follows that super liquid-repellent surfaces are 

sensitive to mechanical stress because an external force acts upon the surface 

protrusions and not the entire projected area. The surface protrusions break once 

a critical shear is exceeded.16 As a result, the surface loses its liquid 

repellency.17-19 Unfortunately, to optimize for high liquid repellency a different 

design for the surface morphology is required than for realizing high mechanical 

strength. For example, with respect to arrays of micropillars, the receding contact 

angle is high when choosing thin micropillars and a larger spacing between the 

pillars.15 In contrast, for a good mechanical shear strength, the micropillars 

should be thick and narrowly spaced. Thus, for a given application the design 

needs to be carefully optimized and measuring the mechanical properties is an 

essential part of the surface improvement process. 



Mechanical properties of highly porous super liquid-repellent surfaces 

90 

 

In this work, we focus on the mechanical properties of super liquid-repellent 

surfaces formed by a porous network of connected particles. Such surfaces can 

readily be prepared by the bottom-up technique, i.e. gradually building up the 

surface starting from the substrate. This technique is appealing due to its 

simplicity, cost effectiveness and adaptability to coat large areas. The surfaces 

can e.g. be prepared by wet chemistry or thermal processes. Precursor solutions 

can contain various combinations of monomers, particles and hydrophobization 

agents. They can be drop, spin, dip or (electro)spray coated onto various 

substrates.6, 19, 20-27 The precursor solutions can also be flame sprayed onto 

substrates28, 29 or soot from the combustion of organic compounds can be 

collected to obtain porous layers of particles.30, 31  

The prepared coatings, however, often suffer from low mechanical strength. The 

quantification and comparison of mechanical properties to improve them remains 

unsatisfactory. Qualitative tests e.g. the pencil hardness (ISO 15184 and ASTM 

D3363), (nano)wear abrasion26, 32-35, sand (ASTM D968) or liquid jet impact36 are 

fast and convenient. However, they generally only allow for a rough comparison 

and not for detailed insights into the surface mechanical properties. Ideally, the 

mechanical strength of samples is compared using quantitative properties like the 

effective elastic modulus, which can only be obtained by force sensitive 

measurements. 

Here, we used complementary methods to characterize the mechanical 

properties of super liquid-repellent surfaces to get a comprehensive view of soot-

templated surfaces. To cover different force ranges we used atomic force 

microscopy (AFM)37, 38 and nanoindentation.39 We explicitly demonstrate that 

force measurements with microspheres (“colloidal probe”)40-42 instead of sharp 

AFM tips can be used to measure the averaged mechanical properties of soot-

templated surfaces. The colloidal probe technique closes a gap of sensitivity vs. 

probing area and allows characterizing the mechanical properties of porous 

surfaces. 
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3.3 Results and discussion 

Soot-templated surfaces as introduced by Deng et al.31 served as a model 

system for fractal-like, highly porous super liquid-repellent surfaces (Figure 1a). 

 

Figure 1: a) Scheme of sample preparation: Collection of candle soot on the 

substrate. Silica is deposited by chemical vapor deposition CVD of TEOS. 

Afterward, the coated soot was sintered at various temperatures. Deposition of a 

fluorosilane by CVD made the surfaces liquid repellent. b) Image of a 

hexadecane drop (γ=27.5 N/m, 6 μl) rolling off at 6° from a sample exposed to 24 

h CVD sintered at 600 °C. c) Roll-off angles α and d) receding contact angles ϴrec 

of hexadecane on soot-templated superamphiphobic surfaces as a function of 

CVD time and sintering temperature. 

Soot consists of a highly porous network of carbon nanoparticles. The 

nanoparticles have a diameter of about 40 nm and are loosely connected by van 

der Waals forces. They partially assemble into agglomerates which are 

connected by strings of particles. The fragile network was stabilized by deposition 

of a silica shell using chemical vapor deposition (CVD) of tetraethyl orthosilicate 

(TEOS) for 24, 48 and 72 h. These samples are referred to as coated soot. The 

thickness of the deposited silica layer increased with CVD time and ranged from 

20-35 nm, 35-71 nm and 60-100 nm for 24 h, 48 h and 72 h, respectively. The 

coated soot was sintered at 600 °C, 800 °C, 1000 °C or 1150 °C for 3 h. Thereby, 
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the carbon was completely combusted and the sintered samples are therefore 

referred to as soot-templated silica. Hydrophobization of coated soot and soot-

templated silica with a fluorosilane led to superamphiphobic surfaces, i.e. they 

repelled water and oil. In the following, we investigated the influence of the 

sintering temperature and the time of CVD on the wetting and mechanical 

properties of these surfaces. 

 

3.3.1 Wetting properties 

Fluorinated coated soot and soot-templated silica surfaces (600-1000 °C) were 

superhydrophobic. Water drops (6 µl) rolled off at inclination angles α of 2±1°, the 

receding contact angles were >140°.  

 

Figure S1: Snapshots of hexadecane receding on fluorinated soot-templated 

silica surfaces. The surfaces were exposed to a, c) 24 h and b) 72 h CVD, 

sintered at a, b) 600 °C or c) 1150 °C and fluorinated. 

On samples sintered at 1150 °C the receding contact angles of water were also 

above 140° and water drops rolled off at 10±3°, 5±2° and 8±2° for CVD periods of 

24 h, 48 h and 72 h, respectively. Oil repellency was tested with hexadecane 

(Figure 1b, Figure S1). Samples sintered at 600-1000 °C were 

superamphiphobic. Drops of hexadecane rolled off at tilt angles less than 10° and 

showed receding contact angles larger than 135° for 24 h and 48 h CVD 
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(Figure 1c,d). In contrast, hexadecane did not roll off on samples sintered at 

1150 °C (α>90°). On coated soot, i.e. surfaces with carbon remaining inside the 

silica shell, the surfaces showed higher roll-off and lower receding contact 

angles. Potentially, hexadecane diffused through the porous silica layer and 

interacted with carbon. It is also possible that non-fluorinated carbon interfaces 

were revealed by breaking of loosely bound agglomerates due to capillary forces 

of deposited drops. Both can lead to an increased overall adhesion of 

hexadecane drops to the surface in the case of coated soot. With respect to CVD 

time, samples exposed longer to CVD (72 h), thus having a thicker silica shell, 

showed higher roll-off angles and lower receding contact angles. A comparison of 

TEM images of silica coated soot before and after sintering reveals that the initial 

overhangs, given by the soot morphology, were smoothened out by the deposited 

silica (Figure S2). 

 

Figure S2: TEM images of candle soot coated with silica by CVD of TEOS for 72 

h CVD. a) before b) after sintering at 600 °C. Arrows in b) indicate void space 

from sintering of the soot-template and highlight overhangs of the original 

template, which were smoothened by the deposited silica. 

 

3.3.2 Finger and pencil scratching 

Superhydrophobic soot-templated silica sintered at 1150 °C showed a strongly 

increased stability against finger scratching. Such surfaces withstood several 

finger scratches in contrast to superamphiphobic samples sintered below 

1150 °C (Movie S1). A similar response was observed from the pencil scratch 

test (Figure 2). Samples were scratched with pencils ranging from 6H (hard) to 

6B (soft) at an angle of 45° (Figure 2a). 
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Figure 2: Pencil scratch test: a) pencils with a hardness ranging from 6H to 6B 

were pushed over soot-templated silica surfaces at an angle of 45°. b) Optical 

images of scratches performed by a 6B pencil. (i) 24 h, (ii) 72 h CVD of TEOS. 

Both samples were sintered at 600 °C. (iii) uncombusted, (iv) sintered at 1000 °C. 

Both samples were exposed to 24 h CVD of TEOS. c,d) optical (left) and SEM 

(right) images of scratches. c) 6B pencil scratch on a sample exposed to 72 h 

CVD, sintered at 1000 °C. d) 1H pencil scratch on a sample exposed to 24 h 

CVD, sintered at 1150 °C. The scale bar of the optical images is 200 μm. 

The scratches were investigated by optical microscopy and SEM. Samples 

sintered below 1150 °C all had a gouge hardness of less than 6B, i.e. the surface 

was completely removed by all pencils. Figure 2b, i-iv and Figure 2c show 

exemplary scratches of a 6B pencil on various samples exposed to different CVD 

times, all sintered below 1150 °C. In contrast, samples sintered at 1150 °C had a 

higher tolerance to pencil scratching. The scratch hardness was found to be in 

the order of 1H-3H for a sample exposed for 24 h to CVD, sintered at 1150 °C 

(Figure 2d). SEM images of 1H scratches showed abraded lead (Figure 2d). In 

between the abraded lead pieces the network of the soot-templated silica could 

be identified and no failure of the coating was found. In contrast, 4H scratches on 

the same sample partially gouged the surface (Figure S3a and b, white box).  
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Figure S3: SEM images of samples scratched with a 4 H pencil. The sample was 
exposed to 24 h CVD of TEOS and sintered at 1150 °C. a) low magnification b) 
high magnification of scratched area. The white dashed box in b) highlights an 
area where the coating was partially removed by scratching. 

2H and 3H scratches were in the intermediate range. This made the precise 

determination of the scratch hardness nontrivial. Either way, we observed a clear 

difference in scratch tolerance for samples sintered at and below 1150 °C. 

 

3.3.3 Morphology 

The mechanical response of a surface depends on its morphology.  

 

Figure 3: SEM images of soot-templated surfaces exposed to different periods of 

CVD and sintering temperatures. a) coated soot exposed to 24 h CVD. b-f) soot-

templated silica sintered at b,c) 600 °C, d,e) 1000°C f) 1150 °C, respectively. b,d 

and f) were exposed to 24 h CVD, c,e) to 72 h CVD. The scale bars are 2 μm and 

500 nm (inset).  
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In top view, coated soot and soot-templated silica sintered up to 1000 °C had a 

similar surface morphology. The size of agglomerates was in the order of 100-

900 nm (Figure 3a-e, Figure S4 and S6). 

 

Figure S4: Exemplary determination of agglomerate size by SEM. The size of the 

agglomerates ranged from about 100-900 nm. The sample was exposed to CVD 

of TEOS for 24 h sintered at 600 °C. 

The average distance between the agglomerates was around 1±0.5 μm  

(Figure S5). 

 

Figure S5: Exemplary determination of the average distance between 

agglomerate by SEM. The average distance of the agglomerates was about 

1±0.5 μm. The sample was exposed to CVD of TEOS for 24 h sintered at 600 °C. 
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In contrast, samples sintered at 1150 °C showed a web-like morphology and the 

initial particle-like strings transitioned into cylinder-like strings (Figure 3f,  

Figure S6b and c). Though 1150 °C is well below the melting point of amorphous 

bulk SiO2 (1713 °C), the strong temperature dependence of the viscosity of silica 

leads to significant viscous sintering at such temperatures.43, 44 The viscous flow 

is driven by the surface tension, leading to a growth of the sinter necks by filling 

the menisci.45 Hence, sintering at 1150 °C reduced the overhangs of the network 

by transforming particle-like strings into cylinder-like strings. The resulting surface 

roughness was sufficient to efficiently repel water but not hexadecane. 

Consequently, samples sintered at 1150 °C were superhydrophobic but not 

superamphiphobic.  

 

Figure S6: Top view and cross-sectional views of surfaces at different 

magnifications. a,b) were exposed to 24 h CVD, c) to 72 h CVD. The samples 

were sintered at a) 600 °C and b,c) 1150 °C, respectively. All layers had the 

same initial template thickness before sintering. The soot template was collected 

for 1 min 30 on 1.5 x 1.5 cm2 silicon wafers. 

Furthermore, cross-sections of samples with identical initial surface layer 

thickness showed that sintering at 1150 °C resulted in a pronounced compaction 

of surfaces layers. Surfaces treated at 600 °C, 24 h CVD, had a thickness of 
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62±5 μm whereas the layer thickness shrank for samples treated at 1150 °C and 

were found to be 4±1 µm (24 h CVD) and 9±1 μm (72 h CVD), respectively 

(Figure S6). The strong shrinkage reduced the network’s porosity and led to 

increased stability. 

3.3.4 Nanoscale mechanical test using the atomic force microscope 

To test mechanical properties at the nanoscale we performed force 

measurements using an AFM. The tip radius was about 10 nm. Thus, it was 

much smaller than the characteristic size and distance of silica agglomerates. As 

an example, Figure 4a shows a typical force curve measured on a soot-

templated silica layer after 24 h CVD and sintering at 600 °C. Force jumps of up 

to 10 nN were observed in the approach and about 2-5 nN in the retract curves 

(Figure 4a, Figure S7). The force jumps in the approach part are connected to the 

yield force required for the local and stepwise compression and breaking of single 

sintering necks. The broken and dislocated pieces stay either in contact with the 

protrusion or the tip, attracted by surfaces forces.46, 47 On the scale of 100 nm 

these surface forces dominate over gravitational forces. These surface forces are 

in particular van der Waals forces. In addition, capillary forces can arise between 

the hydrophilic soot-templated silica and the tip. Water can condense in the gap 

between tip and agglomerates or strings and form a meniscus. 

 

Figure 4: a) Force-displacement curve of a soot-templated silica surface (24 h 

CVD, sintered at 600 °C) indented by a sharp tip. b) Schematics illustrating the 

indentation process. The probe radius is about 10 nm and thus much smaller 

than the typical size of the agglomerates (=100-900 nm).  

These surface forces cause the strong adhesion observed when retracting the 

tip. Jumps in the retract part are attributed to rearrangements and breaking of 

agglomerates and strings. These agglomerates and strings can act like a glue, 
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connecting the tip with the still intact parts of the superamphiphobic layer.48 The 

maximum adhesion force corresponds to the main detachment event of the tip 

from the network. We estimate the van der Waals force of the final jump by 

𝐹 = 𝐴𝑟𝑡𝑖𝑝 6𝐷2⁄ . 

 

Figure S7: Exemplary force steps and yield points of a soot-templated silica 

surface indented by AFM. The sample was exposed to CVD of TEOS for 24 h 

sintered at 600 °C. 

Here, A is the Hamaker constant (610-20 J), rtip is the radius of curvature of the 

tip and D is the distance at contact (0.16 nm).49 With rtip =10 nm we estimate a 

van der Waals adhesion of 4 nN. This agrees with the force measured. The 

height of the jumps in the approach and retract part of the force-displacement 

curves differed from position to position because the force was punctually applied 

and dissipated into the network as schematically shown in Figure 4b. As a 

conclusion, probes much smaller than the characteristic spacing between 

agglomerates provide information on the mechanical strength of individual 

agglomerates, strings and sinter necks. 

 

3.3.5 Microscale mechanical tests using colloidal probe 

For most industrial or outdoor applications of super liquid-repellent surfaces the 

mechanical properties on the micro and macro scale are more important, e.g. to 

withstand impacting rain droplets or dust particles. Therefore, we increased the 

indentation area by replacing the sharp AFM tip with a microsphere (“colloidal 

probe”) having a radius of 24 μm. The colloidal probe was approached onto the 
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surface until a load of 300 nN was reached to establish a defined contact with the 

surface, followed by a further constant approach of 200 nm. Then the probe was 

retracted again. This protocol allowed the investigation of superamphiphobic 

samples, i.e. coated soot and samples sintered up to 1000 °C.  

 

Figure 5: Mechanical properties extracted from typical force-displacement 

curves: a) effective elastic modulus Eeff, b) work of plastic deformation Wplastic and 

c) effective work of adhesion, Wadhesive.  

The hardness of superhydrophobic samples sintered at 1150 °C exceeded the 

force measurement range of the colloidal probe technique and the surfaces were 

therefore investigated by nanoindentation. In both cases, the indentation depth 

was kept below 10% of the total layer thickness to avoid substrate effects. For 

superamphiphobic samples, the thickness of soot-templated surfaces was 

chosen to be larger than 20 μm. At a typical indent of 2 µm and a probe radius of 
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24 µm the contact radius, calculated by the Pythagorean theorem, is 9.6 µm and 

thus the contact area is in the order of 290 µm2. Consequently, the force was 

distributed over multiple agglomerates and strings and force-displacement curves 

obtained by colloidal probe indents looked smoother than force-displacement 

curves recorded using sharp tips (Figure 5 and 6). For a quantitative 

characterization of the mechanical properties, we defined and analyzed four 

parameters (Figure 5 and 6a). (1) The effective elastic modulus Eeff is obtained 

from the elastic recovery upon unloading, i.e. from the slope of the onset of the 

retract curve. It is characteristic for the ability of the surface layer to store elastic 

energy upon compression. (2) The maximum indentation force Fmax, that had to 

be applied to reach a fixed indentation depth, is related to the material hardness, 

i.e. its ability to withstand plastic deformation. (3) The plastic work Wplastic and the 

effective adhesive work Wadhesive are given by the integrals of the force with the 

x-axis on approach and retract, respectively (highlighted areas in Figure 5b and 

c). Wplastic reflects the work required for plastic deformation of the sample upon 

approach. Work is required e.g. to break contacts between silica structures and 

to compress agglomerates. When retracting, work is required to break the 

contacts (Wadhesive), due to van der Waals interactions between the tip and the 

silica agglomerates that undergo rearrangement and detachment. Some 

agglomerates even remained attached to the probe (Figure S8). 

 

Figure S8: a) SEM images of the colloidal probe (r=24μm). b) Magnification of 

colloid surface. Silica agglomerates can be found on the surface after indentation 

of samples. 

As an example, indents obtained from three different samples are compared in 

Figure 6. The mechanically weakest sample (Figure 6a, 24 h CVD, 600°C) was 

indented by almost 2 µm even at a relatively low end load of Fmax=350 nN. It also 
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showed the lowest overall slope in the contact part. The most stable sample 

(Figure 6c, 24 h CVD, 1000°C) was only indented for 900 nm although the 

maximum force of 700 nN was much higher. Accordingly, the slope of the force 

curve was much steeper.  

 

Figure 6: Force-displacement curves of soot-templated surfaces indented by 

colloidal probe (load of 300 nN followed by constant displacement of 200 nm). 

a-c): Representative force curves of surfaces exposed to different periods of CVD 

and sintering temperatures: a) and c) were exposed for 24 h, b) for 72 h to CVD 

of TEOS. a) and b) were sintered at 600 °C, c) was sintered at 1000 °C, 

respectively. 

Samples treated for 72 h CVD and sintered at 600 °C showed an intermediate 

behavior (Figure 6b). The approach curves were smooth for 24 h CVD and 

sintering at 600 °C. They became less smooth exhibiting pronounced force jumps 
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with increasing silica thickness and sintering temperature, indicating an increase 

in mechanical strength. The averaged quantitative mechanical properties are 

shown in Figure 7. Eeff and Fmax increased with the thickness of the silica shell 

and sintering temperature. Eeff increased by more than an order of magnitude 

from 25 kPa up to 985 kPa when samples were exposed to 72 h CVD and 

1000 °C sintering compared to 24 h CVD and 600 °C sintering (Figure 7a). All 

samples treated for 48 h or 72 h CVD had higher Eeff than their counterparts 

treated for 24 h CVD. Within our experimental accuracy, Eeff was identical for 

samples treated for 48 h and 72 h CVD, except when sintered at 600 °C. Coated 

soot showed a higher Eeff than samples sintered at 600 °C. This is attributed to 

the additional elasticity provided by the encapsulated carbon template that was 

burned away at 600 °C. 

 

Figure 7: Mechanical properties of soot-templated surfaces. The black, red and 

blue data points represent surfaces exposed to 24 h, 48 h and 72 h of CVD, 

respectively. Coated soot and soot-templated silica surfaces sintered at 600 °C, 

800 °C, 1000 °C were investigated, respectively. a) Effective elastic modulus Eeff, 

b) maximum force Fmax, c) plastic work Wplastic and d) effective adhesive work 

Wadhesive. The errors are the standard deviations of the respective values obtained 

from different force curves at different positions on multiple samples.  
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After 72 h CVD the silica shells were thick enough to dominate the mechanical 

strength and the presence or absence of the carbon template did no longer affect 

the mechanical properties. Correspondingly, Eeff of coated soot and samples 

sintered at 600 °C or 800 °C did not differ significantly, whereas at 1000 °C Eeff 

increased by a factor of more than two. 

Fmax increased by a factor of more than two from 400 nN up to 900 nN for 

samples exposed to 72 h CVD, 1000 °C compared to 24 h CVD, 600 °C (Figure 

7b). Similarly to Eeff, samples treated for 48 h and 72 h CVD showed higher Fmax 

than their counterparts treated for 24 h CVD. The strongest increase of Fmax was 

found when samples were sintered at 1000 °C. Wplastic and Wadhesive were in the 

order of hundreds of femto Joules (Figure 7c and d). Wplastic and Wadhesive both 

decreased with increasing thickness of the silica shell and sintering temperature. 

Wplastic decreased by a factor greater than 4, Wadhesive by a factor of about 30  

(24 h CVD, 600 °C compared to 72 h CVD, 1000 °C). Samples sintered at 

1000 °C showed a higher hardness and resisted better to the indentation. With 

increasing hardness, the structural differences in the network at every indentation 

point became more and more relevant. Consequently, the results from individual 

force-displacement curves showed a broader span of mechanical strength, 

leading to increased error bars of Eeff and Fmax at 1000 °C. 

For a given application, samples can hence be tuned for optimum repellency 

(hexadecane) or mechanical stability. Optimum mechanical stability at the price 

of slightly reduced repellency against hexadecane is achieved by exposure of 

samples to 72 h CVD and sinter at 1000 °C (Θrec=134±4° for 72 h compared to 

Θrec=142±3° for 48 h CVD). Optimum repellency in combination with a significant 

increase of Eeff could be obtained by exposure of samples to 48 h CVD and 

sintering at 1000 °C. In this case, Eeff increased by a factor of 30 from 25 kPa to 

750 kPa compared to surfaces prepared by the standard procedure, i.e. 24 h 

CVD and sintered at 600 °C. The observed increase of stability for sintering 

temperatures of 1000 °C is attributed to a condensation of OH groups from the 

silica network combined with the initial stage of sintering, where the diameter of 

the sinter necks starts to increase while the overall morphology of the silica 

agglomerate network is only slightly changed. Therefore, the network starts to 

condense50 but the overall morphology is largely preserved (Figure 3d,e). The 
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hardness of samples sintered at 1150 °C exceeded the force measurement range 

of the colloidal probe and were investigated by nanoindentation. 

 

3.3.6 Microscale mechanical tests using nanoindentation 

Nanoindentation and AFM are complementary and cover different ranges of 

normal forces and Eeff. from 10 MPa to more than 100 GPa. Therefore, 

nanoindentation was not suitable for samples sintered 1000 °C but it was 

appropriate for superhydrophobic samples sintered at 1150 °C. Figure 8a shows 

a typical force-displacement curve of a surface exposed to 72 h CVD. 

 

Figure 8: Nanoindentation of soot-templated silica surfaces sintered at 1150 °C 

measured with a conical diamond tip. a) Typical force-displacement curve of a 

surface exposed to 72 h CVD indented for 500 nm. Black curve: approach, red 

curve: retraction b) Eeff of surfaces exposed to 24 h, 48 h and 72 h CVD.  

Distinct force jumps in the order of several μN can be identified in the approach 

part, indicating a stepwise collapse of the layer. Eeff as a function of CVD 

exposure time for samples sintered at 1150 °C is shown in Figure 8b. Eeff 

increased by a factor of more than 3 from approximately 300 MPa to more than 1 

GPa. Compared to superamphiphobic samples, Eeff even increased by about 

three orders of magnitude (1 GPa for 72 h CVD, 1150 °C compared to 750 kPa 

for 48 h CVD, 1000 °C). Sintering at 1150 °C and the associated change in 

surface morphology thus led to strongly reinforced superhydrophobic samples. 
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3.4 Conclusion 

For a comprehensive characterization of the mechanical strength of super liquid-

repellent surfaces, different methods need to be used, because different length 

and force scales need to be addressed. Finger and pencil scratching of the 

surface can provide a first impression of its mechanical strength. Atomic force 

microscopy reveals the mechanical response of single agglomerates and strings, 

e.g. individual force steps and the yield force. Colloidal probe can be applied to 

obtain the averaged mechanical strength if the colloid is much larger than the 

distance between neighboring agglomerates. We measured three parameters, 

which describe the mechanical response of super liquid-repellent surfaces: The 

effective elastic modulus Eeff, for the elastic response, the plastic work of 

indentation Wplastic for the plastic deformation and the effective adhesive work 

Wadhesive. The colloidal probe technique is suitable for layers with an effective 

elastic modulus up to roughly 1 MPa. For harder surfaces, nanoindentation is 

more appropriate.  

For a particular liquid-repellent surface, i.e. soot-templated superamphiphobic 

surfaces we balanced mechanical strength against wetting properties. The 

mechanical strength was tuned by varying the reaction parameters, i.e. duration 

of CVD and sintering temperature. Superamphiphobic surfaces with a 30 fold 

increased Eeff were obtained compared to standard samples (750 kPa for 48 h 

CVD, 1000 °C compared to 25 kPa for 24 h CVD, 600 °C). A further increase of 

the sintering temperature to 1150 °C led to superhydrophobic surfaces which 

were tolerant to finger and pencil scratching (1H, Eeff of about 1 GPa). To 

conclude, 48 h CVD and 1000 °C sintering led to superamphiphobic samples with 

greatly improved mechanical properties.  

 

3.5 Experimental section 

Tetraethylorthosilicate (TEOS, 98%), trichloro(1H,1H,2H,2H-perfluorooctyl)silane 

(PFOTS, 97%) and n-hexadecane (99%) were purchased from Sigma-Aldrich, 

Germany, toluene and acetone from Fischer Scientific, UK, ammonium hydroxide 

aqueous solution Normapur (28%) and absolute ethanol from VWR Chemicals, 
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France. Water was purified by a Sartorius Arium 611. Paraffin candles were 

obtained from the local supermarket. Silicon wafers were purchased from Si-Mat, 

Germany. All reagents were used as received. 

Superamphiphobic surfaces were prepared according to Deng et al.31 Si-wafers 

were super sonicated in toluene, acetone and ethanol for at least 5 min each and 

activated by oxygen plasma for 5 min at 300 W (Femto BL, Diener, Germany, 

chamber reactor, f=2.45 GHz, P=300 W, O2-flow=7 scc/min). Wafers were coated 

with TEOS deposited from the gas phase to promote adhesion of the 

superamphiphobic surface. Therefore the wafers were placed in a desiccator 

together with 2 vials containing 3 ml of TEOS and 3 ml aqueous ammonia 

solution each. After 24 h the precoated wafers were covered with soot collected 

from a paraffin candle about 1 cm above the wick for 40 s (wick height 0.7 cm, 

total flame height about 4.5 cm).51 The carbon template was coated with silica by 

exposure to TEOS as stated above for different time periods of CVD, namely 24 

h, 48 h and 72 h. TEOS and aqueous ammonia solution were renewed every 24 

h. The total thickness of the silica shell deposited on a smooth surface was 

determined by ellispometry (Nanofilm surface analysis EP3, 532 nm, 50 mW) and 

was found to be 35±1 nm, 71±2 nm and 100±2 nm for 24 h, 48 h and 72 h CVD, 

respectively. On the rough soot-templated silica surfaces the average silica shell 

thickness was 20±5 nm, 35±5 nm and 60±5 nm for 24 h, 48 h and 72 h CVD, 

respectively (determined by TEM).31 The soot template remained part of the 

sample (coated soot) or samples were sintered at 600, 800, 1000 or 1150 °C 

(soot-templated silica) for 3 h in air, respectively, exclusive heat up time at 

maximum heat up speed (15 °C/min). For mechanical tests, the samples were 

not hydrophobized, i.e. they remained hydrophilic. The samples were 

hydrophobized to measure contact angles. Therefore, samples were placed in a 

desiccator, next to a 20 ml vial containing 100 µl PFOTS for 3 h at 25 mbar 

Top view scanning electron microscopy (SEM) images were acquired at a voltage 

of 1 kV and cross-sectional images at 0.7 kV (InLens detector, LEO 1530 

Gemini). To enhance the image quality samples were sputtered with 6 nm Pt 

(BalTec MED 020 Modular High Vacuum Coating System, Argon at 210-2 mbar 

and 60 mA). A Tecnai F20 DEI, 200 kV, brightfield was used for TEM 

measurements. 



Mechanical properties of highly porous super liquid-repellent surfaces 

108 

 

Receding contact angles and roll-off angles were measured using a goniometer 

(Dataphysics OCA 35, Data Physics Instrument GmbH, Germany). To measure 

the receding contact angle, an initial drop of 10 µl hexadecane was deposited on 

a surface and inflated/deflated by adding/removing 20 µl hexadecane, 

respectively. Receding contact angles were determined by manual ellipse fitting. 

To determine the roll-off angles drops of 6 µl water and hexadecane were 

deposited on the surfaces, respectively. The stage was tilted at a speed of 

1.37 °/s. For both, receding contact angle and tilting angle measurements 3-4 

different spots per sample and 2-5 samples were investigated for every 

combination of CVD and sintering temperature.  

Pencil scratch tests were performed using a homebuilt pencil holder (Figure 2). 

6H to 6B pencils (Faber-Castell, Germany) were sharpened with a standard 

pencil sharpener, mounted on the holder at an angle of 45° and fixed by a screw. 

Proper mounting was checked by a water level. The samples were fixed to the 

table by double sided tape and scratches for more than 1 cm length were 

obtained by manually pushing the holder forward. The weight of the entire holder 

was 225 g. The load acting on the tip was 100 g. All scratches were investigated 

by optical microscopy and samples of interest were further analyzed by SEM.  

All AFM and colloidal probe experiments were conducted on a JPK Nanowizard 

3. Nanoscale mechanical testing was performed with cantilevers having a 

nominal resonance frequency of f=70 kHz and a spring constant of k=2 N/m 

(OMCL-AC240TS rectangular cross-section, n-type doped silicon, Japan). The 

experimental spring constants were determined by the thermal tune method.52 

Force scans of 6464 pixels on an area of 1010 μm2 were recorded. A set point 

of 30 nN was chosen.  

Colloidal probes were prepared by gluing hollow glass microspheres (Cospheric, 

USA) to tipless cantilever (AppNano ACL-TL, USA (f=190 kHz)). The hollow 

glass microspheres had a diameter of 47 μm (measured by SEM), a mean 

density of about 0.22 g/cc and a crush strength of 2 MPa (according to supplier). 

The colloidal probes were hydrophobized for 30 min under the same conditions 

as stated above. The spring constants were measured by the thermal noise 

method and ranged from 44-71 N/m. Force maps of 33 pixels over an area of 
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150150 μm2 were measured. Approach and retraction speeds were 1 μm/s with 

an extension delay of 0.5 s. The first force-displacement curve of each force map 

was discarded due to the initial surface approach. Four measurement series with 

different colloidal probes were conducted. Each series started with indentation of 

the mechanically strongest surfaces (72 h CVD, 1000 °C) to the weakest 

surfaces (24 h CVD, 600 °C). A total of 5-9 force maps were recorded on at least 

3 different samples leading to 40-72 force curves for each combination of CVD 

time and sintering temperature. Reference force curves on a silicon wafers were 

measured for each series of experiments. All force-displacement curves were 

analyzed using a self-written LabVIEW software. First, the reference force curves 

were used to determine the deflection sensitivity. Consecutively, this deflection 

sensitivity was used to convert deflection signals in volts to cantilever deflections 

in nanometers, which in turn were converted to force by multiplying with the 

spring constant. The Cantilever deflection was subtracted from the piezo position 

signal to obtain the displacement. Zero displacement was defined as the onset of 

repulsive force during approach. The effective elastic modulus Eeff was 

determined by fitting the first 10% of the retract curve using the Hertz model after 

setting the minimum of the retract curve as zero indentation. In addition, we 

allowed for a force offset as an additional fitting parameter. This force offset 

turned out to be similar but always somewhat larger (up to 50%) than the 

measured adhesion force. Therefore, our fits effectively correspond to a DMT 

contact model53 (having a Hertz contact pressure distribution but including 

adhesion). Fitting a mixed elastic/plastic indentation with an elastic contact model 

to obtain the elastic modulus can, of course, be questioned. However, the initial 

part of the retract curve should reflect the elastic recovery of the material during 

unloading, whereas the approach curve and the later part of the retract curve will 

contain mixed contributions of elastic and plastic deformation. The fact that the 

adhesion obtained as a fit parameter was not too different from the measured 

adhesion is an indication that the retracting part of the curves is in fact to a 

relatively large extent elastic and justifies our approach of using an elastic fit of 

the unloading curve. As additional quantities, the work of plastic deformation 

Wplastic, effective work of adhesion Wadhesive and the maximum Force Fmax at 

maximum approach were analyzed as shown in Figure 5 and 6a. It should be 
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noted that the effective work of adhesion calculated here is not a defined 

thermodynamic quantity like the Dupré work of adhesion because the relaxation 

processes occurring during retraction are irreversible. However, as long as 

cantilevers with the same spring constant are used, this quantity can give relative 

information on the adhesiveness of the sample. 

Nanoindentation measurements were performed with a standard-force MFP 

NanoIndenter (Asylum Research, Santa Barbara, CA, spring constant 

k=2390 N/m) equipped with a conical diamond tip (r=25 μm, opening angle=60°). 

Samples sintered at 1150 °C were indented in a displacement-controlled mode 

with maximum displacements of 50, 100, 200, 300 and 500 nm at a penetration 

rate in the range of 10-100 nm/s. Thermal drift was measured and corrected for 

each indentation. The thicknesses of the indented surfaces were verified by 

cross-sectional SEM images. The thicknesses ranged from 4, 6.5 and 8 μm for 

samples exposed to 24 h, 48 h and 72 h CVD, sintered at 1150 °C. For 24 h 

CVD, we found a substrate effect for indentation depth >100 nm. In this case, Eeff 

was only averaged over 50 and 100 nm indentation depth. Eeff was analyzed in 

analogy to colloidal probe indentation experiments and spherical contact 

geometry was assumed. 
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4.1 Abstract 

The impact and rebound of liquid drops on solid surfaces is ubiquitous in nature 

for self-cleaning and is of practical importance in many industrial heat transfer 

processes, such as spray cooling. Colliding and bouncing solid spheres are also 

relevant for many processes, such as ball milling, and is commonly encountered 

in sporting events. Here, we combine features from both liquids and solids and 

investigate the interaction of hydrogel drops with a superheated surface. Using 

high speed video microscopy, we focus on two aspects of hydrogel drops: 

1) spontaneous jumping induced by rapidly heating the surface and 2) impact 

dynamics during subsequent bouncing on the hot surface. We demonstrate that 

millimetric hydrogel drops can jump from a hydrophilic surface upon rapid heating 

and continue to bounce with increasing heights. The interplay between elastic 

and liquid-like properties results in intriguing dynamics, which is reflected in 

jumping, long-lasting bouncing, trampolining, and the shortest contact times ever 

observed for water-like systems. 
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4.2 Introduction 

When water is splashed onto a hot pan, drops of water bead up and appear to 

smoothly glide along the surface (Figure 1a, Movie S1). This common kitchen 

observation arises from the so-called Leidenfrost effect, also known as film 

boiling, in which the drops are separated from the hot surface by a film of its own 

vapor.1–5 A high temperature surface is necessary such that the water vaporizes 

sufficiently fast to form a stable vapor cushion below a drop. When above the 

boiling temperature but below the Leidenfrost temperature, drops make contact 

with the surface and quickly evaporate. For purposes of cooling (i.e., spray 

cooling), this contact is essential because it provides faster heat transfer than film 

boiling.6–8 On the other hand, the Leidenfrost effect delivers adhesion-free drops, 

which enables long-lasting drop bouncing2 or easy transportation of small solid 

objects hovering over a surface.9 Vapor mediated bouncing is also observed on 

unheated superhydrophobic surfaces,10 as well as on hydrophilic surfaces with a 

low impact velocity.11,12 Recently, it was even demonstrated that water drops 

resting on a superhydrophobic surface spontaneously jump and start trampolining 

with a rapid reduction in the atmospheric pressure, driven by pressure buildup in 

the surface.13 These experiments have in common that drop dynamics are 

governed by the surface tension, drop-size and natural frequencies of the drop. 

When releasing a drop onto a surface, the initial kinetic energy is converted to 

surface energy on impact, resulting in velocity dependent spreading. During the 

subsequent retraction, the surface energy is reconverted into kinetic energy and 

the drop rebounds from the surface.  

In contrast to water drops, the impact of a soft ball on a smooth surface can be 

described by Hertz dynamics, under the assumption of a fully elastic collision. In 

this case, the kinetic energy is converted to elastic strain energy, and then 

reconverted into kinetic energy. However in reality, the much of the kinetic energy 

is lost due to friction, adhesion, or irreversible excitation of internal degrees of 

freedom. Thus after a couple bounces, a ball typically comes to rest. It is then 

surprising to find that when hydrogel beads are dropped onto a hot pan, they 

bounce for an intriguingly long time (Figure 1b, Movie S2).14 A hydrogel is a soft, 

elastic, highly-water-filled polymer network in which the elasticity and the water 

content are tunable by the crosslinking density. Although hydrogels can be over 
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99% water,15 they possess solid-like character and offer shape stability to prevent 

drop spreading. Hence, hydrogels are an ideal model system to investigate the 

interplay between liquid and solid aspects of jumping and bouncing dynamics.   

 

Figure 1: Jumping and bouncing hydrogel drops on a hot surface. a) Water 

drops on a hot pan gliding on the surface because of the Leidenfrost effect (see 

Movie S1). b) Hydrogel beads (𝑅~8 mm) bouncing on the same hot pan (see 

Movie S2). c) Fabrication of millimetric hydrogel drops by using candle-soot 

surfaces. Inset scale bar: 1 µm (see Movie S3). d) Schematic of heating and 

jumping experimental setup where a hydrogel drop is placed on a tungsten sheet. 

A meniscus arises from the water. Heat is rapidly applied by an electrical current. 

e) Experimental observations of a hydrogel drop jumping from the surface upon 

heating. Bubbles are observed to burst from the side of the drop (13 ms) before a 

vapor explosion catapults the hydrogel upward (35 ms). The 0 ms frame is taken 

arbitrarily to illustrate the timescale of the event. Scale bar: 1 mm.  

In this Communication, we show that the interplay between liquid and elastic 

character of hydrogel drops give rise to unique dynamics. We demonstrate that 

rapidly heating the underlying hydrophilic surface initiates jumping and long-

lasting bouncing of a hydrogel drop, which is initially at rest. The hydrogels 

spontaneously jump from the surface and continue to bounce for several seconds 

with the lowest contact time ever observed for a water-like drop. Notably, we use 

a smooth substrate (RMS roughness ~15 nm, Figure S1).  
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Figure S1: Examples of 2D and 3D AFM scans for measuring roughness. The 

RMS roughness averaged over three 100 µm2 areas is measured as 15 ± 5 nm. 

The maximum roughness scale, which is taken as the maximum peak to the 

valley, is 195 ± 89 nm. 

This renders the previously reported concept, based on vapor pressure buildup 

within the textured, superhydrophobic surface,13,16 effectively impossible. By 

varying the elasticity of the drop, we illustrate when jumping, bouncing, or 

trampolining is a more favorable outcome. 

 

4.3 Results 

4.3.1 Preparation and characterization of millimetric hydrogel drops 

Millimeter-scale hydrogel drops are fabricated by gently placing 10 microliters of 

an acrylamide/methylenebisacrylamide (AAm/BAAm) monomer/crosslinker 

solution on a superamphiphobic, candle-soot coated surface, as depicted in 

Figure 1c (see Movie S3).17,18 This superamphiphobic surface provides a high 

contact angle of nearly all liquids, allowing for the fabrication of hydrogel drops 

upon polymerization of the starting solution. Since the reaction is oxygen 

sensitive, we utilize glucose and glucose oxidase as an oxygen scavenger to 

prevent oxygen inhibition during polymerization.19 With the addition of a 

photoinitator, a solid hydrogel drop is prepared by UV-initiated crosslinking, 

affording a high contact angle, drop-like geometry with a drop radius of 

𝑅~1.25 mm. The nearly spherical drops are then rinsed away from the candle-

soot surface and stored in water for at least 48 hours before use.  

To investigate the effect of elasticity on jumping and bouncing behavior of 

hydrogel drops, we created PAAm drops with elastic modulus values of 
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𝐸~3, 30, and 200 kPa. The moduli for the 3 and 30 kPa gels were determined by 

impact experiments on low-adhesion surfaces, described below. Since the water 

content is not independent of the modulus in hydrogel materials, we measured 

the water fraction by weight, defined as  

%𝐻2𝑂 = (𝑤𝑤𝑒𝑡 − 𝑤𝑑𝑟𝑦)/𝑤𝑤𝑒𝑡, where 𝑤𝑤𝑒𝑡 is the weight under equilibrium swelling 

and 𝑤𝑑𝑟𝑦 is the weight when dry. These turn out to be 

 %𝐻2𝑂 = 97, 94 and 72 for the soft (3 kPa), medium (30 kPa) and stiff hydrogels 

(200 kPa), respectively. 

 

4.3.2 Determining the modulus of soft hydrogel drops 

For soft gels, measuring the modulus that correctly reflects the drop is 

challenging because variations arise during the preparation and testing of 

macroscopic samples. In an ideal situation, measuring the modulus of the drop 

directly is more suitable. We introduce a unique approach to quantify the modulus 

that utilizes the impact mechanics of elastic spheres on solid surfaces. In 

principle, the modulus of hydrogel drops can then be extracted by dropping them 

onto a solid surface and measuring the deformation and velocity right before 

contact.  

For an elastic collision, the kinetic energy equals the elastic energy stored in the 

deformed drop and is defined by Hertz. The force is given by 𝐹 = 16𝐸𝑅1/2𝛿3/2/9 

where 𝛿 is the normal compression of the hydrogel. By integration, the elastic 

energy is given as  

𝑈𝐻𝑒𝑟𝑡𝑧 = ∫ 𝐹𝑑𝛿 =
32

45
𝐸𝑅1 2⁄ 𝛿5 2⁄                  (eq. 4.1) 

Equating the kinetic energy, 𝑈𝑘𝑖𝑛 = 𝑚𝑣2/2, with the elastic energy leads to a 

calculation of the modulus as 

𝐸𝐻𝑒𝑟𝑡𝑧 =
45𝑚𝑣2

64𝑅1/2𝛿5/2
                                    (eq. 4.2) 

where 𝑚 is the mass of the drop and 𝑣 is the velocity. Assuming the density 𝜌 of 

the hydrogel is that of water, the mass is given by the volume of the drop as 

𝑚 = 𝜌𝑉𝑑𝑟𝑜𝑝. 
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We release hydrogel drops onto flat, low-adhesion, candle-soot surfaces  

(Figure 2, Movie S4) and measure the deformation and impact velocity by high 

speed video microscopy. It is necessary to utilize these very low adhesion 

surfaces to minimize capillary adhesion. Even on a Teflon surface, the hydrogel 

drops are barely able to overcome capillary adhesion, if at all (Movie S5). By 

releasing hydrogel drops onto candle-soot surfaces, we observe large, nearly 

adhesionless rebounds. We consider these impacts as elastic, such that Hertz 

impact is suitable. With that assumption, we find the modulus to be 𝐸~3 kPa for 

the softest gel and 𝐸~30 kPa for the medium gel. 

 

Figure 2: Determining modulus by hydrogel impacts. An example of a ~3 kPa 

hydrogel drop impacting an unheated, low-adhesion, candle-soot coated surface 

and rebounding. The white arrow denotes the deformation, 𝛿 ≈ 620 µm. See 

Movie S4. Scale bar: 1.5 mm. 

As a test for the effect of surface tension, we add an additional surface term to 

the energy balance as 𝑈𝑘𝑖𝑛 = 𝑈𝐻𝑒𝑟𝑡𝑧 + 𝑈𝑠𝑢𝑟𝑓 where 𝑈𝑠𝑢𝑟𝑓 = 2𝛾Δ𝐴. Here 𝐴 is the 

surface area of the drop and 𝛾 is the surface tension, which we assume is 

constant and that of water (i.e., 𝛾 = 0.072 N/m). We approximate 𝐴 before contact 

by assuming a sphere and during contact by roughly fitting an ellipse. For the 

drop shown in Figure 2, the elastic energy is on the order of ~800 nJ while the 

surface energy is on the order of ~25 nJ. Since it is more than an order of 

magnitude lower, and is only about 3% of the total energy, we neglect it here. As 

a confirmation, we can include the surface term into the modulus determination 

as 

𝐸𝐻𝑒𝑟𝑡𝑧_𝛾 =
45(𝑚𝑣2−2𝛾Δ𝐴)

64𝑅1/2𝛿5/2                                                       (eq. 4.3) 
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For the drop shown in Figure 2, 𝐸𝐻𝑒𝑟𝑡𝑧 = 3.2 kPa while 𝐸𝐻𝑒𝑟𝑡𝑧_𝛾 = 3.1 kPa. In the 

drop where the change in area is largest, we also find marginal change with 

𝐸𝐻𝑒𝑟𝑡𝑧 = 3.3 kPa and 𝐸𝐻𝑒𝑟𝑡𝑧_𝛾 = 3.0 kPa. 

 

4.3.3 Heat-induced jumping and bouncing of 30 kPa hydrogels 

A hydrogel drop is placed on the surface of a smooth tungsten sheet (contact 

angle <10°) at room temperature and pressure (Figure 1d), which acquires a 

meniscus from the water that swells the gel. A current of 95 amps is applied 

across the metallic sheet, rapidly increasing the surface temperature  

(at ~170-200 °/s) to a maximum temperature of ~600 °C (Figure S2). 

 

Figure S2: a) An image taken from the infrared camera approximately 1s after 

turning on the current. The white circle denotes the center position of the 

measurement, which is where the drops were positioned. b) A profile of the 

temperature as a function of time where the camera measurement range is 250-

1200 °C. The temperature reaches a maximum at ~600 °C. c) A profile of the 

temperature as a function of time where the upper limit setting of the camera is 

500 °C. We measure the heating rate in the linear portion to find a heating rate in 

the range of 170-200 °C/s. After about ~0.5 s, the temperature is above the water 

saturation temperature. The range is taken from both measurements since the 

camera settings do not cover the entire temperature range during one test. 

In the range of ~170 to 200 °C, the droplet begins to vibrate on the surface while 

being held in place by capillarity (Figure 3a, 5 ms). This is associated with 

nucleate and transition boiling where small droplets are ejected from the contact 

zone. Bubbles are also observed to form and burst from the side (Figure 3a, 25-

29 ms). Approximately 1s after the current is turned on, the drop jumps from the 

surface due to a rapid burst of the bubbles underneath the drop (Movie S6, 

Figure S3). The situation is reminiscent to vapor pocket formation in a leidenfrost 
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drop, which rises into a chimney until it reaches the top surface and releases into 

the air.1,2 

 

Figure S3: An example of a 30 kPa hydrogel drop jumping from the surface 

because of a rapid vapor explosion. The meniscus before jumping is on the order 

of 100 to 200 µm in height and is approximately the upper limit for a maximum 

bubble size. This is the size taken in the main text to calculate the jumping height. 

Scale bar: 1 mm.   

In contrast to a water drop, however, hydrogel elasticity confines the bubble to 

the underside of the drop and prevents them from rising through the drop.  

The initial jump ranges in height, likely because the size of the vapor bubble 

varies between different experiments. After the initial jump, the hydrogel bounces 

continuously (Figure 3b). Since we ramp the temperature from room temperature, 

the decreasing coefficient of restitution in the early stage of bouncing is likely due 

to the low temperature. The vapor explosion mechanism occurs at ~170 to 200 

°C, which is below the dynamic Leidenfrost regime (300 to 600 °C) for water 

drops colliding on superheated surfaces.4 At a temperature of ~340 to 400 °C, a 

trampolining effect is observed (Figure 3c) as the plate continues to ramp until it 

reaches 600 °C after ~4000 ms. We should mention that in some instances 𝑒 

significantly decrease, at 3250 ms in Figure 2c, for example. Since our drops are 

not perfect spheres, some impacts are off-axis, leading to rotation and lower 

bouncing heights (Movie S7). Despite this fact, the general trend for increasing 𝑒 

from ~2000-4500 ms is clear. To confirm gravity (𝑔) is the only opposing force 

during bouncing, hang times are compared to a free-falling solid, defined as 

𝑡ℎ𝑎𝑛𝑔 ≅ 2√2ℎ2/𝑔. Taking maximum bounce heights of 8 and 3 mm as examples, 

we measure hang times of ~80 and ~50 ms, respectively. Calculated values of 

81 and 49 ms are in good agreement.  

0 ms 0.5 1 1.5 2
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Figure 3: Jumping and continuous bouncing of millimetric, 30 kPa hydrogel 

drops. a) Upon heating, a hydrogel drop first starts to vibrate and makes small 

movements upward in the nucleate boiling regime, but is held down by the water 

meniscus (0-5 ms). Bubbles are then observed to form (dotted circle) and burst 

from the side of the drop (25-29 ms). Soon after, the hydrogel is observed to 

jump from the surface due to a vapor explosion underneath the drop (45 ms). The 

0 ms frame is taken arbitrarily to illustrate the timescale of the entire event. Scale 

bar: 1 mm. b) Height vs. time for a 1 kPa hydrogel drop after the initial jump 

illustrating continuous bouncing and c) a zoom of the dotted red box in part b), 

showing a clear trampolining effect. The first jump is set to 1 second as an 

approximation of the time. 

 

 

4.3.4 Effect of elastic modulus on jumping and bouncing 

The elastic polymer network hinders bubble growth as well as their rise. 

Moreover, the elastic restoring force is the opposing force against drop 

spreading. Indeed, this is reflected in the hydrogel drop morphology and 

dynamics. For a stiff 200 kPa hydrogel, we find that the initial jumping mechanism 

is similar to that of the 30 kPa gel. However, the initial jump by vapor explosion is 

observed only on ~50% of the drops. In this case, capillary adhesion cannot 

deform the stiff drop, which keeps it spherical and lowers the contacting area. 
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This limits the drop’s ability to capture and confine a vapor bubble underneath it 

and allows bubbles to escape and release energy on the side. When a jump is 

induced by a vapor explosion, the second bounce resembles that of a stiff ball 

impacting a solid surface (Figure 4a inset, Movie S8) and soon becomes 

stationary. Interestingly, upon reaching a temperature of ~400 °C, the stiff 

hydrogel drops can start to bounce erratically (Figure 4a) with varying heights 

and bounce as high as 8mm (Movie S8 and Movie S9).  

 

Figure 4: Jumping and inelastic bouncing of stiff 200 kPa hydrogel drops. 

a) Height vs. time plot of a 200 kPa hydrogel drop. This is an example of a drop 

that does not jump from a vapor bubble explosion. At ~400 °C, the drop 

spontaneously jumps and erratically bounces after. Inset: an example of a 200 

kPa hydrogel drop jumping during a vapor explosion. The drop makes an 

inelastic collision with the surface afterwards. b) Height vs. time plot of a very 

stiff, unswollen acrylate drop (~GPa modulus) with a manually added water 

meniscus. The acrylate sphere can jump from the surface by vapor explosion and 

exhibits an inelastic collision afterwards. The x-axis time scale is taken from the 

first jump. 
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For a very soft 3 kPa hydrogel, a different jumping mechanism is observed. Initial 

jumping by vapor explosion is non-existent. Because the drop is very soft, it 

resembles a water drop on a hydrophilic surface (i.e., it spreads).  

 

Figure S4: Bounce height of a soft hydrogel (3 kPa) after the drop is liberated 

from the surface by burning away the bottom of the drop (see Figure 4 from main 

text). a) Bouncing in the early stages after the drop detaches from the surface 

(associated with 1420 ms in Figure 4a from main text) and b) in the later stage 

after trampolining has occurred (associated with 3167 ms in Figure 4a of the 

main text). The bouncing heights are much higher in the later stage. 

In this case, capillarity has a larger contribution and deforms the drop, leading to 

high adhesion. As with the other hydrogels, bubbles are observed underneath the 

drop upon heating. Since the elastic penalty for deforming such a soft gel is low, 

cavities and bubbles can expand within the drop (Figure 5a, Movie S10). Still, the 

elasticity hinders rising of the bubbles. Vapor explosions attempt to liberate the 

drop from the surface, however the formation of thin fibrils, or “bridges,” is 

observed between the drop and the surface (Figure 5a, 64 ms). This fibril 

formation, a common characteristic in debonding of soft adhesives,20–22 keeps 

the drop adhered to the surface and inhibits jumping. As the water evaporates at 

the hydrogel-tungsten interface, the drop adheres to the surface and only rapid 

vibrations are observed (Figure 5a, 533-539 ms). After ~1.5 seconds, the 

polymeric components begin to thermally degrade, which is visualized in the 

smoke formation (Figure 5a, 1341-1420 ms). Finally, upon burning away the 

bottom of the drop at ~340-400 °C, consistent with thermal analysis in 

literature,23 the drop is released from the surface and begins to bounce 

continuously (Figure 5a-5c, 3167 ms and Figure S4). The drop exhibits a 
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trampolining effect, similar to water drops on a superhydrophobic surface in 

reduced pressure.24 

 

Figure 5: Jumping and bouncing soft 3 kPa hydrogel drops. a) Evolution of a soft 

hydrogel when heat is applied. Since adhesion is high and elasticity is low, 

bubbles first form underneath the drop. Vapor explosions lift the hydrogel drop 

(64 ms), but adhesion holds it back. The drop is then static on the surface and 

rapid vibrations are observed (533-539 ms). The hydrogel starts to burn away 

(1341 ms) and is then released from the surface (1420 ms). Finally bouncing and 

trampolining is observed (3167 ms). The first observation of a bubble is taken as 

the 0 ms time frame. b) Height and c) hang time vs. bounce number after the 

initial release the surface, illustrating a trampolining effect. Scale bar: 1 mm. 

 

  

4.3.5 Jumping mechanism 

To understand the jumping mechanism, the contributions of elasticity and 

evaporation of water need to be considered. For hydrogels, water in the material 

creates a meniscus under the drop where a bubble can form and explode. To test 

whether water in the meniscus is the key to the jumping mechanism, we replaced 

the hydrogel with a stiff acrylate sphere. The sphere is similarly fabricated on the 

candle-soot coated surfaces and contains no water;25 no jumping or bouncing is 

observed. Upon manually adding a water meniscus, however, an initial jump is 

observed followed by an inelastic bounce (Figure 4b and Movie S11), similar to 
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the 200 kPa hydrogel in Figure 4a inset. This points to two effects that control 

heat-induced hydrogel jumping: (1) Bubble formation underneath the drop with 

subsequent bursting and (2) loss of the liquid meniscus.  

At the hot surface, water evaporates and bubbles form. As a bubble grows, it is 

balanced by the hydrogel network elasticity, which provides an increasing 

resistance to further bubble growth. As a result, the pressure in the bubble 

increases until the hydrogel pushes the bubble to an interface where the bubble 

explodes. The energy released upon bursting can be calculated as 

𝑈𝑏𝑢𝑟𝑠𝑡 = (𝑃 − 𝑃0)𝑉. Here 𝑃 is the maximum pressure in the bubble, which is the 

vapor pressure of water at elevated temperature, 𝑃0 = 101 kPa is the vapor 

pressure at boiling, and 𝑉 is the volume of the bubble; 𝑃 is 790 kPa at 170 °C 

and 1550 kPa at 200 °C.26 Considering a bubble volume of 𝑉𝑏𝑢𝑏~1 × 10−12 m3, 

which is approximated by the height of the meniscus directly before jumping 

(~100 µm, Figure S3), and taking 𝑃 − 𝑃0 ≈ 1 MPa, the energy released is on the 

order of 1 µJ. Balanced by gravity, this is sufficient to propel a hydrogel drop of 

𝑅 = 1.25 mm and an assumed density 𝜌 = 1 g/cm2 to a height of 

 ℎ = 3𝑈𝑏𝑢𝑟𝑠𝑡 4𝜋𝑅3𝜌𝑔⁄ ≈ 12 mm, if the pressure is fully converted into kinetic 

energy. We observe initial jump heights in the range of 5-15 mm, which is in good 

agreement with this approximation. For a hydrogel drop larger in size, such as 

the 𝑅~8 mm commercial beads (Figure 1b), the calculated jump height is ~50 µm 

because gravity dominates. Consistent with this calculation, we are not able to 

resolve any jumping with such large beads. 

The second effect reduces the adhesion of the hydrogel drop to the surface and 

thus allows it to be catapulted. The capillary force for a rigid sphere on a rigid 

substrate due to a water meniscus is 𝐹𝑐𝑎𝑝 = 2𝜋𝛾𝑙 − 𝜋𝑙2Δ𝑃. Here, 

Δ𝑃 = 𝛾(1 𝑙⁄ − 1 𝑟⁄ ) is the capillary pressure, 𝑙 and 𝑟 are the contact radius and 

meniscus radius of curvature, respectively, and 𝛾 is the surface tension of water. 

The two radii of curvature have opposing signs since they have opposite 

concavities with respect to the liquid. The force simplifies to 𝐹𝑐𝑎𝑝 = 𝜋𝛾𝑙(1 + 𝑙 𝑟)⁄ , 

illustrating that as the meniscus size decreases, so does the capillary adhesion 

force. For soft spheres, such as hydrogel drops, such forces can be even 

stronger because of an increased 𝑙 due to deformation of the gel.27,28 With 

increasing temperature, the meniscus evaporates and 𝑙 decreases, leading to a 
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decrease in the capillary force. Moreover, the surface tension is also reduced 

from 0.072 N/m at 25°C to 0.059 N/m at 100°C. Without this reduction of capillary 

adhesion, jumping of hydrogel drops would not by possible. Partially, this is 

observed in Figure 5a for the soft 3 kPa hydrogels. 

 

4.3.6 Observation of the contact time 

For bouncing hydrogel drops, we observed very short contact times, on the order 

of 𝑡~2 ms, for all modulus values studied (Figure 6). We first compare the 

contact time for an elastic ball defined by Hertzian impact, as described above. 

Reorganization of eq. 4.2 gives the elastic deformation as 

𝛿𝐻𝑒𝑟𝑡𝑧 = (45𝑚𝑣2 64𝐸𝑅1 2⁄⁄ )
2 5⁄

. The contact time is then described by the 

deformation and the incident velocity as 𝑡𝐻𝑒𝑟𝑡𝑧 ≈ 2.9(𝛿𝐻𝑒𝑟𝑡𝑧/𝑣).29,30 For 30 and 

200 kPa hydrogel drops with a radius 𝑅 = 1.25 mm colliding at a typical velocity 

of 𝑣~0.2 m/s, the calculated contact times are 𝑡𝐻𝑒𝑟𝑡𝑧 ≈ 2 and 1 ms, respectively, 

which is in good agreement with experimental results. Only for the softest, 3 kPa 

gel does 𝑡𝐻𝑒𝑟𝑡𝑧 ≈ 5 ms, which is about two times greater than the experimentally 

observed value. However, this overestimation may result from an increase in the 

elastic modulus during heating. Inhomogeneous evaporation and subsequent 

densification of the polymer network may lead to a stiff external shell, which 

effectively increases the modulus. For the contact to agree with Hertz, an 

increase in the effective modulus by a factor of 7-10x is needed. 

An alternative approach is to consider the 3 kPa hydrogel, which is 97% water, as 

a water drop. In this case, inertia is balanced with capillarity, which leads to the 

contact time 𝑡𝑤𝑎𝑡𝑒𝑟 = 𝜋 √2⁄ (𝜌𝑅3 𝛾⁄ )1 2⁄ .31,32 The contact time is different from that 

of a solid sphere because for a water drop, kinetic energy is transformed into 

surface tension across the entire drop, as opposed to the localized elastic energy 

of a solid sphere. For a drop of 𝑅 = 1.25 mm, this overestimates the contact time 

by approximately a factor of five at 𝑡𝑤𝑎𝑡𝑒𝑟 ≈ 11 ms. The large overestimation 

illustrates that the contact time is dominated by the elasticity of the hydrogel drop, 

which is consistent with our results from eq. 4.3. 
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Figure 6: Contact time for different elasticity hydrogels. Optical images of the 

hydrogel drops before (left), during (middle) and after contact (right) with the 

superheated surface for the a) 3 kPa, b) 30 kPa, and c) 200 kPa hydrogel drops 

with incident velocities of a) 0.15, b) 0.25 and c) 0.15 m/s. In part a), the bottom 

of the drop has been degraded from heat (Figure 5a) and is therefore flattened on 

one side. In c), cracks are observed that likely arise from inhomogenous drying of 

the hydrogel.33 A similar result is observed in commercial hydrogel beads after 

bouncing in a hot pan (Figure S5). The 0 ms time frame is taken as arbitrary to 

illustrate the timescale of the contact event. Scale bars: 1 mm. 
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Figure S5: An image of commercial hydrogel beads before and after experiments 

in a hot pan. After the experiment, cracking is observed from inhomogeneous 

evaporation of the water from the hydrogel. This is similarly observed in the 

millimetric drops with a ~200 kPa modulus. 

 

4.4 Discussion 

Elasticity appears to play the dominating role in defining jumping and continuous 

bouncing of hydrogel drops from a superheated, metallic sheet. This is illustrated 

by i) the contact time following Hertzian impact dynamics and ii) the first jump 

behavior being affected by the gel modulus. However, we have also shown that 

bouncing does not occur without water. Moreover, hydrogel drops come to rest 

after a several bounces even on an unheated, candle-soot coated surface. This 

poses the question: What is the liquid contribution of the impact dynamics? First, 

it is clear that the water is needed to create the bubble burst for the initial jump. 

Second, rapid evaporation is necessary for long-lasting continuous bouncing and 

trampolining. 

In particular, trampolining requires a gain in energy during impact, as opposed to 

the typical loss in energy. Since we only observe such results on hot surfaces, 

the upward force is attributed to evaporation of water from the bottom of the drop. 

This suggests that the vapor plays two important roles in the bouncing of 

hydrogel drops. The first is that it offers extra pressure from fast evaporation 

under the drop and second it provides a non-wetting situation where 

adhesionless contact is truly preserved. 

To consider the extra pressure, we approximate the volume of vapor that 

evaporates during an impact event. We first consider the heat flux per unit area, 

given as 

After experiments

Before experiments
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Ф = 𝜆(𝑇𝑠 − 𝑇𝐵) ℎ⁄                                                                    (eq. 4.4) 

where 𝜆 ≈ 0.03 Wm-1K-1 is the thermal conductivity of vapor, ℎ is the thickness of 

the vapor film, 𝑇𝑆 is the temperature of the substrate and 𝑇𝐵 = 100°C is the 

boiling temperature. The rate of mass loss is then estimated as  

𝑚̇~ Φ𝑎2 𝐿⁄ ~
𝜆(𝑇𝑠−𝑇𝐵)

𝐿ℎ
𝑎2                                                     (eq. 4.5) 

where 𝐿 ≈ 2 × 106 J/kg is the latent heat of vaporization and 𝑎 ≈ 0.5 mm is the 

contacting radius of the hydrogel drop. For static Leidenfrost drops, the thickness 

is of the order ℎ~100 µm.2 However for impacting Leidenfrost drops, ℎ is more 

difficult to determine because dimples form and the thickness varies and because 

it is dependent on the Weber number. For hydrogels, the polymer network will 

also reduce dimple formation. For a water drop, ℎ has been shown to be ~3 µm 

for a Weber number of 𝑊𝑒~3.34 For comparison, the Weber number in our 

experiments is 𝑊𝑒 = 𝜌𝑣𝑅 𝛾⁄ ≈ 1.5, assuming a density and surface tension of 

water. Therefore as a rough estimate, we assume a height of ℎ ≈ 10 µm, 

resulting in 𝑚̇ ≈ 4 × 10−8 kg/s at 𝑇𝑆 = 200 °C and 𝑚̇ ≈ 2 × 10−7 kg/s at 𝑇𝑆 =

600 °C. Due to uncertainties in ℎ, 𝑎 and 𝑇𝑆, this is considered as an order of 

magnitude approximation. It should be noted that a stable vapor layer can be 

formed instantly for an impacting drop in the Leidenfrost temperature regime.35,36 

Within the experimentally observed contact time of 2 ms, 8 × 10−11 to 4 × 10−10 

kg of water evaporates. Accordingly, this produces a vapor volume under the 

drop of 𝑉𝑣𝑎𝑝 = 𝑚 𝜌𝑣𝑎𝑝 ≈⁄ 0.1 mm3, where 𝜌𝑣𝑎𝑝 ≈ 1 kg/m3 is the density of water 

vapor. For the estimated thickness of ℎ = 10 µm and a contacting area of 𝜋𝑎2~1 

mm2, the vapor volume under the drop should be only ~0.01 mm3. This difference 

is attributed to an extra pressure that aids in continuous bouncing with high 

restitution coefficients. Indeed a significant amount of this vapor will escape from 

the sides. However, for the vapor to play no role in the upward direction (i.e., 

when evaporated vapor volume equals ~0.01 mm3 over 2 ms), it would need to 

escape radially with a velocity of 𝑣𝑣𝑎𝑝 ≈ 𝑚̇ 2𝜋𝑎ℎ𝜌𝑣𝑎𝑝⁄ ≈ 3 m/s at 600 °C, which is 

unlikely. For Leidenfrost water drops, this is typically 𝑣𝑣𝑎𝑝 ≲ 100 cm/s.2 Moreover, 

if the contact area during successive bounces remains constant, the mass loss 

(and volume of the vapor film) increases with Δ𝑇 as given by eq. 4.4. An increase 
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in the vapor volume implies a higher pressure under the drop that leads to the 

trampolining effect observed with soft hydrogel drops. 

Overall, we find an optimal modulus (~30 kPa) facilitates both jumping and 

bouncing. When the hydrogel is stiff (~200 kPa), it is able to jump from the 

surface by an explosion, but is followed by an inelastic collision. Our results 

suggest that the jumping mechanism is universal to any drop having a water 

meniscus, as long as it is not excessively soft.  

 

Figure S6: A 30 kPa hydrogel drop coming into contact with a superheated 

surface. Upon hydrogel drop contact, tiny droplets are observed to be rapidly 

ejected from the contact point, suggesting that the water may be coming into 

direct contact with the superheated surface. Examples of the ejected droplets are 

given by the red arrows. The 0 ms time frame is taken arbitrarily to illustrate the 

timescale of the event and the very fast speed of the small droplets. These 

droplets are only seen on contact and shortly after (2-3.5 ms for this drop). Scale 

bar: 1 mm. 

When the hydrogel is very soft (~3 kPa), it sticks strongly to the surface and 

cannot be released without thermally degrading the polymer, at which point it 

continuously bounces. The drop must be sufficiently stiff that it does not spread 

and adhere strongly to the surface. Drops with high modulus do not start 

bouncing immediately after jumping, but require a substrate temperature of 

~400°C to allow for sufficient vapor formation. 

Unlike a purely solid ball, water from the hydrogel evaporates to form a vapor that 

provides additional pressure to the upward bounce of a drop. In addition, the 

water in the hydrogel may exhibit vigorous boiling if true contact is made with the 

surface (Figure S6).5 

0 ms 1 ms 2 ms

2.5 ms 3.5 ms 5.5 ms
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Our results demonstrate that jumping, long-lasting bouncing and trampolining 

require evaporation of water. However, the contact time of the drop is governed 

by the solid character of the hydrogels. Importantly, our experiments illustrate that 

hydrogel jumping and continuous bouncing is possible even without surface 

texture. We believe that hydrogel drops offer a new and unique route to 

spontaneous jumping and bouncing of solid-like drops that exhibit liquid-like 

aspects of the Leidenfrost effect. 

4.5 Methods 

Chemicals and materials. The following chemicals were purchased from Sigma-

Aldrich: Tetraethyl orthosilicate (TEOS, 98%, Germany), trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (PFOTS, 97%, USA),  Acrylamide (AAm, ≥99%, China), D-

glucose (G, ≥99%, Germany), glucose oxidase from aspergillus (GOx, 10 KU, 

UK), 2-hydroxy-4'-hydroxyethoxy-2-methylpropiophenone (Irgacure 2959, 98%, 

USA), and absolute ethanol (Germany). N,N‘-methylenebis(acrylamide) (BAAm, 

≥99%) was obtained from Alfa Aesar, Germany. Toluene (ACS grade) and 

ammonium hydroxide aqueous solution Normapur (28%) were obtained from 

VWR, France. Acetone (AR grade) was purchased from Fischer Scientific, UK. 

Water was purified by a Sartorius Arium 611. Paraffin candles were obtained 

from Real-Handels GmbH, Germany (TIP Haushaltskerzen, 100% paraffin, wick: 

100% cotton). 3-well concavity slides (1.4-1.6 mm thick) are from ESCO–Erie 

Scientific Co., USA). Tungsten sheets (65x20x0.1 mm) were supplied from 

Umicore thin film products AG, Germany. All reagents were used as received.  

Preparation of superamphiphobic surfaces. 3-well concavity slides were 

coated with a superamphiphobic, soot-templated coating as described below.17,37 

The slides were cleaned by sonication in toluene, acetone and ethanol for 5 min, 

respectively and were then activated by oxygen plasma (5 min, 300 W chamber 

reactor, f=2.45 GHz, P=300 W, O2-flow=7 scc/min, Femto BL, Diener, Germany). 

Afterwards, a layer of silica was deposited on the slides by chemical vapor 

deposition (CVD) of TEOS in the presence of ammonia. The slides were placed 

in a desiccator next to two 20 ml vials containing 3 ml TEOS and ammonia each 

(24 h at room temperature and ambient pressure). Such prepared slides were 

coated with candle soot collected from a paraffin candle approximately 1 cm 
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above the wick for 40 s (wick height about 0.7 cm, total flame height about 4.5 

cm).18 The candle-soot template was coated by a second CVD step of TEOS as 

described above followed by sintering of the slides at 550°C in air for 3 h (VKM-

22, Linn High Therm GmbH, Germany). Finally, the slides were hydrophobized by 

CVD of a fluorosilane (PFOTS, 100 μl in a 20 ml vial). The slides and the vial 

were placed next to each other in a desiccator for 3 h at 25 mbar. Residual 

fluorosilane was removed at 80°C at 100 mbar for 3 h. 

Fabrication of millimetric hydrogel drops. AAm, BAAm, Irgacure 2959, 500 

mg/ml glucose in water and 200 μl H2O were mixed in an Eppendorf tube and 

sonicated for 5 min until the components were dissolved. To obtain different 

hydrogel modulus values, the following table gives the fraction of each of the 

components added. 

Table 1: Fractions of each component in the solution for the different hydrogels. 

All values are given in mg/ml. 

 

Acrylamide BAAm Irgacure 2959 Glucose GOx 

stiff 300 30 5 25 0.02 

medium 60 5 5 25 0.02 

soft 60 1 5 25 0.02 

 

Glucose oxidase solution was added and 10 μl drops were immediately 

dispensed onto the superamphiphobic, 3-well concavity slides. The drops were 

crosslinked by UV irradiation for 10 min at a light intensity of 3-10 mW/cm2 (UV-A 

LQ 400, Dr. Gröbel UV-Elektronik GmbH, Germany). The crosslinked drops were 

rinsed off the slides and stored in excess water for at least 48 hours before 

heating experiments. Arcylate drops were prepared as described in a prior 

publication.25 

Determination of water fractions. Six drops of each type were measured 

individually by placing swollen drops in separate vial caps and weighed. The 

drops were dried under vacuum for 48 hours at room temperature and then 
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reweighed to calculate the water content as %𝐻2𝑂 = 97.4 ± 0.2, 93.8 ± 0.2,

and 72.4 ± 1.2 for the soft, medium and stiff hydrogels, respectively. 

Heat-induced jumping and bouncing. Tungsten sheets were clamped between 

two electrodes connected to a transformer, providing direct current at low voltage. 

The current applied to the sheet was measured and controlled. An applied 

current of ~95 A was chosen. Individual hydrogel drops were placed on the sheet 

at room temperature. After an equilibration time of ~30 s, the power was turned 

on. Hydrogel drops were observed by a high-speed camera (Photron) at 2000 

frames per second equipped with a 2x objective. Time-temperature profiles of the 

tungsten sheets were recorded perpendicular with respect to the sheets using an 

IR-camera to determine the temperature-time profile (VarioCAM HD head, 

Infratec GmbH, Germany). 

Tensile testing. The modulus values were determined directly on hydrogel drops 

by impact experiments on low adhesion surfaces. For the stiff hydrogels, where 

deformations were small and difficult to measure optically, we measured the 

modulus by tensile testing. Samples were prepared in a polystyrene petri dish 

with a thickness of 0.7 mm. Tensile test specimens were stamped with a gauge 

length and width of 20 mm and 4 mm, respectively. Uniaxial tensile testing was 

conducted on a Zwick/Roell Z005 materials testing machine equipped with a 50 N 

load cell at a rate of 10 mm/min. The modulus was determined by a linear fit of 

the stress-strain curve in the low strain regime. 

Roughness characterization of tungsten sheets. The roughness of the 

tungsten sheets were measured by atomic force microscopy (Figure S2). The 

RMS roughness is ~15 nm and the maximum roughness scale is ~195 nm, 

measured over 300 µm2. The measurements were made in tapping mode using a 

JPK Nanowizard atomic force microscope in air mounted with an Olympus silicon 

cantilever (model OMCL-AC240TS-R3, 70 kHz frequency, 2 N/m stiffness). 
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4.7 Further supporting information 

Supporting movies will be published with the online version: 

Movie S1: Leidenfrost drops on a hot kitchen pan 

Movie S2: Commercial hydrogel beads (R~8 mm) in a hot kitchen pan 

Movie S3: Fabrication of hydrogel drops by shaking 

Movie S4: 3 kPa gel on an unheated, candle-soot coated surface 

Movie S5: 3 kPa gel on an unheated, Teflon surface 

Movie S6: 30 kPa gel jumping and bouncing 

Movie S7: 30 kPa gel with high rotation upon contact 

Movie S8: 200 kPa gel jumping by vapor explosion followed by inelastic bounce 

Movie S9: 200 kPa gel jumping and bouncing at very high temperature 

Movie S10: 3 kPa gel adhesion, bubble formation, burning and bouncing 

Movie S11: Acrylate jumping by vapor explosion followed by inelastic bounce 
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5.1 Abstract 

Remote control of the locomotion of small objects is a challenge in itself and may 

also allow for the stimuli control of entire systems. Here, it is described how 

encapsulated liquids, referred to as liquid marbles, can be moved on a water 

surface with a simple near-infrared laser or sunlight. Using light rather than pH or 

temperature as an external stimulus allows for the control of the position, area, 

timing, direction and velocity of delivery. This approach makes it possible to not 

only transport the materials encapsulated within the liquid marble but also to 

release them at a specific place and time, as controlled by external stimuli. 

Furthermore, it is shown that liquid marbles can work as light-driven towing 

engines to push or pull objects. Being able to remotely transport and push/pull 

the small objects by light and control the release of active substances on demand 

should open up a wide field of conceivable applications. 

 

5.2 Introduction 

Controlling and powering the locomotion of small objects on the micrometer to 

millimeter scale is a fascinating topic of research1 with possible applications in 

microfluidics and drug delivery. Interfacial chemistry, e.g., chemical reactions, 

dissolution and gradients in surface tension, and external stimuli play a crucial 

role in powering the movement of small objects. For example, the catalytic 

decomposition of hydrogen peroxide is widely used as a driving force to move 

colloidal particles.2 This interest stimulated the development of a new research 

area, namely, active soft matter. Additionally, small objects can be moved and 

manipulated by external electric3 and magnetic4 fields. In particular, Marangoni 

flow, generated due to a surface tension gradient, can lead to the powerful 

propulsion of objects.5 In nature, beetles of genus Stenus use Marangoni 

propulsion to move on air-water interfaces.6 Similarly, camphor crystals,7 soap 

boats,8 depolymerizable plastics9 and organic solvent-loaded objects10 

experience locomotion due to Marangoni propulsion: the dissolution of chemicals 

creates a surface tension gradient at the air-water interface, which induces 

motion. Recently, light-induced surface tension gradients have been proven to 



Light-driven delivery and release of materials using liquid marbles 

140 

 

produce powerful propulsion forces to move small objects.11 The main goal of this 

philosophy is to bring together transport and the on-demand release of materials.  

Liquid marbles (LMs)12 are typically millimeter-sized liquid drops in air that are 

stabilized by solid powders adsorbed at the air-liquid interface. The liquid droplets 

can be stabilized by various hydrophobic and even hydrophilic powders as long 

as the powders repel the liquid.13  

 

Figure 1: a) Scheme illustrating the light-driven delivery of material using liquid 

marbles (LMs). LMs can be moved on the planar air-water interface and a stimuli-

induced disruption of the LM releases its inner material. NIR laser irradiation of 

LMs stabilized with black powder converts light into heat, generating a thermal 

surface tension gradient. This results in locomotion of the LM on the air-water 

interface. b) Scanning electron microscopy image of hydrophobic PPy powder. c) 

Stereomicrograph images of a PPy-stabilized LM (10 μl) placed on a glass 

substrate. Digital images illustrating d) locomotion of a PPy-stabilized LM on the 

air-water interface and (e) its on-demand disruption of a LM by external stimulus. 

Many liquids and dispersions can be encapsulated to form liquid marbles which 

can hence be treated as non-wetting materials. Some aphids fabricate LMs using 

wax particles, allowing them to readily manipulate liquids that would otherwise be 
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sticky.14 Thanks to their non-wetting nature, liquid marbles can easily move on 

various substrates.15 Recently, LMs have attracted considerable attention in view 

of their potential applications in cosmetics,16 transport and microfluidics,17 

miniature reactors,18 personal and health care products,19 sensors,20 

accelerometers,21 gas storage22 and pressure-sensitive adhesives23 because of 

their ability to encapsulate functional materials.  

Here, we describe the light-driven delivery of materials using LMs. Our approach 

allows for not only the transport of the materials encapsulated within the LM but 

also their release at a specific place and at a time determined by external stimuli 

(Figure 1a). In addition, LMs were shown to work as light-driven towing engines. 

For this purpose, LMs were docked to small floating objects by capillary forces. 

Irradiation of docked LMs allowed for the pushing or pulling of these objects over 

the air-water interface. Being able to remotely transport and push/pull the small 

objects by light and control the release of active substances on demand should 

open up a wide field of conceivable applications. This ability is particularly 

relevant in confined, restricted and/or dangerous areas where direct access is not 

possible, e.g., in microfluidics for the delivery of analytes or in polluted districts. 

 

5.3 Results and discussion 

To introduce the light-driven delivery ability to LMs, we used two different 

powders, namely, polypyrrole (PPy) and carbon black (CB), as LM stabilizers. 

Both powders are known to have photo-thermal properties.24 PPy was rendered 

hydrophobic with octadecanoic acid as a surface modifier.  

Octadecanoic acid adsorbed to the PPy powder surface via an electrostatic 

interaction between the carboxylic acid and cationic PPy. The PPy powder 

consisted of randomly shaped aggregates of primary particles with diameters of 

≈350 nm (Figures 1b, S1). 
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Figure S1: (a, b) Photographs and (c, d) SEM images of PPy bulk powder before 

(a, c) and after (b, d) being irradiated by a NIR laser (808 nm, 200 mW). 

The utilized CB powder was intrinsically hydrophobic and consisted of 

submillimeter- to millimeter-sized flocs of undefined shape. These flocs were 

composed of primary particles with diameters of ≈100 nm (Figure S2). 

 

Figure S2: (a, b) Photographs and (c, d) SEM images of CB bulk powder before 

(a, c) and after (b, d) being irradiated by a NIR laser (808 nm, 200 mW). 

Static contact angles of water drops (10 µl) on the PPy and CB powders were 

measured to be 124±2° and 139±1°, respectively, proving the powders’ 

hydrophobicity.  
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To confirm their photo-thermal properties, PPy and CB bulk powders were 

exposed to near-infrared (NIR) laser irradiation (808 nm; spot diameter, 

1 mm×5 mm; output power, ~200 mW), and the temperature as function of time 

was analyzed thermographically. When the bulk powder was irradiated, the 

temperature of the PPy and CB bulk powders rapidly exceeded 1,000 °C and 

then gradually decreased to settle to constant temperatures of approximately 350 

and 600 °C for PPy and CB, respectively (Figure S3). 

 

Figure S3: Typical hotspot temperature profile of samples being irradiated with a 

NIR laser (808 nm, 200 mW) as a function of irradiation time. The start and end 

of irradiation are marked by arrows. a) Bulk materials: CB, PPy and PTFE and b) 

liquid marbles on a glass substrate and on water. The initial strong increase of 

temperature observed for the CB and PPy bulk materials is due to effective 

conversion from light to heat. The temperature was successively reduced since 

the material properties should change upon irradiation. CB and PPy were 

decomposed and partially combusted leading to a decrease of their photo-

thermal response. The fluctuation of temperature arises from microscopic shifts 

of the laser position during irradiation using hand. The surface temperatures of 

the LMs deposited on a glass substrate increased up to approximately 200 °C 

and 175 °C when irradiated with a NIR laser for PPy and CB LMs, respectively. 

The maximum temperatures were lower than those measured for the bulk black 

powders, likely due to the increased heat capacity of the water-filled marbles. 

Stopping the laser irradiation led to a rapid decrease of the temperature to 50 °C 

in less than 1 s and to less than 35 °C within 5 s.  

Thus, the black powders convert the NIR laser energy into heat efficiently. The 

energy conversion efficiency from light to heat was calculated to be 

approximately 7% for both PPy and CB powders (Supporting Information). As a 

reference, bulk polytetrafluoroethylene (PTFE) powder was exposed to NIR laser 

irradiation under the same conditions. In contrast to the black powders, the 

temperature of the PTFE powder remained almost constant at 22°C independent 
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of the NIR irradiation time, indicating that PTFE does not have photo-thermal 

properties. Individual LMs were prepared by rolling a 10 µl (= 2.7 mm diameter) 

aqueous drop over the black powders. Both PPy and CB powders immediately 

coated the water drops and rendered them hydrophobic and non-wetting 

(Figure 1c and Figure S4). 

 

Figure S4: Stereomicrograph images of a CB-stabilized liquid marble (10 l) 

placed on a glass substrate  

The weight ratio of powder/water was gravimetrically measured to be 1/99 for 

both the PPy and CB systems. Once transferred to the planar air-water interface 

of a water bath, the LMs remained intact for more than 10 h. This stability at the 

air-water interface indicates that the water drops inside the LMs are well shielded 

by the hydrophobic powder and a vapor gap. They do not come into direct liquid 

contact with the water in the bath. To make the LMs move on the air-water 

interface on demand, the contact line formed by the LM resting on at the air-water 

interface was manually irradiated by the NIR laser at an angle of ~45°. The LMs 

immediately moved forward on the air-water interface, away from the point of 

irradiation. The exposure time was in the order of a few hundreds of millisecond. 

In Figure 1d, a PPy-coated LM was placed in a Petri dish filled with water. The 

marble was irradiated and its motion was traced (highlighted with red lines, 

whereas the black arrows indicate the direction, see also Supporting Information 

Movie 1). For a more in-depth understanding of the locomotion process, the heat 

distribution upon irradiation was studied by thermography. 
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Figure 2: a) Snapshots of the light-driven locomotion of a CB-stabilized LM (1.8 

mm in diameter) observed by thermography. At t=0, the LM was in thermal 

equilibrium. NIR irradiation caused a strong heating and locomotion of the LM 

(t=0.96-4.86 s). b) Temperature profile obtained from a), following the white 

dotted line at t=2.88 s in the direction of the arrow. The red arrow is the position 

of the laser irradiated liquid marble. c) Velocity and d) acceleration profiles of the 

locomotion of a PPy-stabilized LM on the air-water interface observed in Figure 

1d. The yellow shaded areas correspond to the time period when the laser was 

triggered. 
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Figure 2a shows typical thermography snapshots of the light-driven locomotion 

of a CB-coated LM at the air-water interface. At t=0 s, the LM is in thermal 

equilibrium with the surrounding water. Upon NIR laser irradiation (snapshots at 

t=0.96 and t=1.92 s), the hottest spot is the center of irradiation, which is 

simultaneously the center of anisotropic heat flow. The heat profile, i.e., 

temperature vs. position, was recorded along the path of locomotion (white dotted 

line in snapshot t=2.88 s and Figure 2b). Figure 2b suggests that the temperature 

of the NIR laser-irradiated LM was > 35-40 °C (see also Supporting Information) 

and a heat tail could be identified. In contrast to the bulk water (T= 18 °C), water 

near the LM had a temperature of approximately 30 °C (Figure 2b). This 

temperature difference leads to a surface tension difference ∆𝛾 of ≈2 mN/m at 

the irradiated side of the LM with a surface entropy of 𝑠 = −
𝑑𝛾

𝑑𝑇
= −0.16 mN/Km. 

This surface tension difference drives the locomotion of the LM.  

Next, we try to determine the generated force and the work done by the LM. First, 

the equation of motion is described as in Equation (1) 

𝑚𝑑2𝑥

𝑑𝑡2 = ∆𝛾𝑤 − 𝜁𝑣        (eq. 5.1) 

where 𝑚, ∆𝛾, 𝑤, 𝜁 and 𝑣 are the mass of the LM, the surface tension difference, 

the width of irradiated area, the friction coefficient between water and the LM, and 

the velocity of the LM, respectively. The first term on the right side represents the 

propulsion of the LM by the temperature-induced surface tension gradient 

produced by NIR laser irradiation. The second term corresponds to the friction 

between the LM and water. As shown in Figure 1d, changing the direction of NIR 

laser irradiation also rapidly changes the direction of locomotion of the LM. Figure 

S5 reflects this behavior, as the time dependence of the trace length changed in 

a stepwise manner. As shown in Figures 2c,d, the velocity and acceleration of the 

locomotion are obtained by the time differentiation of the length and velocity, 

respectively. As a result, the maximum velocity and acceleration are  

≈2.7×10-2 m/s and 0.17 m/s2, respectively, and the generated force is ≈1.8 µN 

(the mass of LMs is 9×10-6 kg) (Figure S6, Supporting Information). 
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Figure S5: Analysis of Figure 1 d: Pathlength vs. time of the locomotion of a PPy-

stabilized LM on the air-water interface observed in Figure 1d irradiated by a NIR 

laser (808 nm, 200 mW). The yellow shaded areas correspond to the time period 

when the laser was irradiated. 

This calculated force agrees with an estimate of the maximal Marangoni force. 

Variations in the maximum velocity and acceleration of locomotion were found for 

individual laser shots. The difference should occur due to the variations in the 

positioning of the NIR laser and the thickness of the black powder layer on the 

LM. Also, variations might arise from fluctuations of the water surface 

temperature generated around the LM due to repeated irradiations. 

 

Figure S6: Analysis of Figure 1d: Force vs. pathlength of a PPy-stabilized LM 

irradiated with a NIR laser (808 nm, 200 mW) observed in Figure 1d. The yellow 

shaded areas correspond to the time period when the laser was irradiated. The 

area of the grayish peak corresponds to 4.9 nJ. 

Assuming that we have a surface tension on one side of the LM that is  

∆𝛾 = 2 mN/m higher than that on the other side, the capillary force can be 
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estimated to be ≈ 2𝑅∆𝛾. With a radius of the LM of R=1.2 mm, this force is  

≈5 µN. The maximum work was estimated to be 4.9 nJ in the plots of force vs. 

pathlength (Figure S6). The obtained force and work are quite larger than the 

generative force and work produced by a kinesin (5 pN and 4×10-20 J).25 A control 

experiment based on LMs stabilized with PTFE powder was conducted to prove 

that LMs need to be stabilized with powders having photo-thermal properties to 

achieve locomotion. Upon irradiation, no significant temperature gradient was 

observed around the PTFE stabilized LMs by thermography. No light-driven 

locomotion of the PTFE-stabilized LM occurred.  

Transportation and targeted release of small amounts of analytes and reagents is 

of great interest. LMs are suitable candidates for transporting and releasing such 

agents. The moment of disruption can be well controlled by using external stimuli, 

such as organic solvents,20a pH,26 temperature,27 light26d,28 and magnetic fields29, 

and the suitable stimulus can be chosen depending on the situation. Here, we 

show that the concepts of light-driven locomotion and on-demand disruption can 

be combined. To prove this, photo-thermally active black LMs were disrupted on-

demand by three external stimuli, namely, pH, isopropanol fumes and successive 

laser ablation. To obtain pH-responsive black LMs, a water drop was covered by 

a blend of CB and polystyrene latex particles carrying poly[2-(diethylamino)ethyl 

methacrylate] hair (PS-PDEA). Such LMs were stable and could be moved by 

irradiation on a neutral/basic planar air-water interface. When the water became 

acidic, the PS-PDEA particles became hydrophilic because of the protonation 

and hydration of the PDEA hairs and detached from the LM surface.26a As a 

result, water inside the LM contacted the water in the bath, and the LM was 

immediately disrupted (Supporting Information Movie 2). Additionally, black LMs 

were disrupted when selectively exposed to isopropanol fumes (Supporting 

Information Movie 3). The absorption of isopropanol fumes into the inner water 

drop caused a decrease in the surface tension, which led to reduced stability of 

the LM. Black LMs can also be moved and selectively disrupted by controlling the 

exposure time of the LMs to laser irradiation. As shown before, irradiation of the 

three-phase contact line at an angle of ≈45° caused locomotion of the LM; the 

exposure time was typically less than 1 s. By choosing an irradiation angle of 90°, 

i.e. from the top or when statically trapping the marble locomotion, the same 
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surface area of the LM could be continuously irradiated and ablated (several tens 

of seconds). During this time, the flocs of the powder were removed until the LMs 

became unstable and disrupted, as shown in Figure 3 (Supporting Information 

Movie 4).  

As one example, the on-demand and on-site disruption of LMs can be utilized for 

heavy ion detection in liquids. LMs containing 0.5 M KSCN(aq) were prepared and 

transferred to the interface of a 0.01 M FeCl3(aq) solution. The LM was directed to 

the proximity of a PTFE pin with a flat top by laser irradiation (Figure 3a). Here, 

the liquid level was chosen to be slightly higher than the height of the PTFE pin, 

and a finite contact angle formed due to its hydrophobicity. Thus, the top face of 

the pin was exposed to air, and the air-water interface was distorted. Once the 

LM was sufficiently close to the pin (approximately 1-1.5 cm), the lateral capillary 

forces between both effectively attracted the LM, and the LM moved to and 

landed on the PTFE pin without any irradiation (Figures 3a-c).30 In this case, the 

LM is mainly on the solid substrate and cannot be moved any further by 

irradiation. When the trapped LM is constantly irradiated, PPy flocs are partially 

removed from its surface or smoothed, and vapor or smoke is visible due to the 

thermal decomposition of PPy and the evaporation of water (Figures 3d,e). Within 

20 s, the LM broke and blood red FeSCN3 immediately became visible, 

confirming the presence of Fe3+
(aq) near the place of interest, i.e., the PTFE pin 

(Figures 3f,g). We anticipate that using a laser with tunable powers could even 

facilitate the locomotion/disruption process by using low powers for locomotion 

and high powers for a quick on-demand disruption. 
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Figure 3: Scheme illustrating a) delivery, b) fixing and c) on-demand disruption of 

LM and release of the material at the air-water interface. (Data obtained using 

PPy-stabilized LM is shown.) Fixing of a LM at the air-water interface can be 

achieved by introducing inhomogeneities in the water film (e.g. a solid object, 

such as a PTFE pin). LMs in the proximity are attracted due to lateral capillary 

forces. Photographs illustrate the process of trapping and breaking on demand. 

d) The LM brought into the proximity of a PTFE pin by NIR laser irradiation was 

attracted to the pin due to lateral capillary forces. e) LM bound to the pin. f, g) 

Breaking on demand: f) the LM was ablated by NIR laser irradiation (18 s). g) The 

LM broke and released 0.5 M KSCN(aq). The water contained Fe3+
(aq), and the 

water close to the site of LM disruption immediately turned blood red due to the 

formation of FeSCN3. 

Black LMs were used as versatile light-driven towing engines for the pushing or 

pulling of objects (Figure 4 and Supporting Information Movie 5). Plastic boats 

with different shapes for pushing (Figures 4a, 4b) and pulling (Figure 4c) were 

loaded with cargo to demonstrate their ability to tow objects. Single LMs were 

directed close to the boats by light. Lateral capillary forces allowed docking to the 
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boat. We showed that a boat driven by a black LM can pull multiple marbles over 

the air-water interface (Figures 4a,b). 

 

Figure 4: Delivery of materials and objects by the irradiation of LMs with a NIR 

laser or sunlight. Liquid marbles were readily bound to objects (boats) due to 

lateral capillary forces. a) Laser-driven boat containing 14 PTFE LMs. Laser 

irradiation of the PPy-stabilized LM led to a linear locomotion of the boat. Inset: 

magnification of a frame. PTFE-stabilized LMs were filled with dyed water. b) 

Side view of the boat. The LMs were in direct contact with the air-water interface 

and could potentially probe it. c) Sunlight-driven movement of a boat. Inset: 

magnification of the boat carrying 2×60 μl of dyed water droplets. Data obtained 

using CB-stabilized LMs is shown. Using multiple LMs, a non-linear locomotion 

could be attained. d) The relationship between the tilt angle of the boat based on 

the horizontal axis and the time depending on the application of focused sunlight 

on each LM. Application of sunlight on the left LM (with respect to the traveling 

direction) made the boat tilt to the right and vice versa. 

The boat, which had two side frames holding 7 PTFE LMs filled with dyed water, 

moved linearly by laser irradiation of a black LM located in the center part of the 

boat. Loads of more than 1.4 g could be moved by irradiation of a single black 

LM, which corresponds to more than 150 times its own weight. The maximum 

velocity and acceleration of the plastic boat carrying multiple LMs were 

determined to be approximately 1.57×10-2 m/s and 2.9×10-2 m/s2, respectively. 

These values were smaller than those of an isolated LM. The maximum force 

was calculated to be ≈12.3 μN (Figure S7), which was comparable to that of a 

single LM. 



Light-driven delivery and release of materials using liquid marbles 

152 

 

 

Figure S7: Analysis of the moving boat containing 14 PTFE liquid marbles 

(Supporting Movie 5). a) Pathlength vs. time, b) velocity, c) acceleration and d) 

force profiles of the boat. The PPy-stabilized LM was irradiated using a NIR laser 

(808 nm, 200 mW). 

The smaller acceleration value is due to the larger mass of the boat considering 

the similar force value. The maximum work was estimated to be ≈55 nJ (Figure 

S8). Environmental conditions at the air-water interface can efficiently be probed 

by LMs: they can be designed to be gas,20a pH,26 temperature,27 light,26d,28 

magneto29 and sound31 responsive and can thus offer a quick low-cost technique 
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to probe the air-water interface. Typically, LMs cannot probe multiple properties 

at once; thus, different types of LMs need to be successively investigated. 

 

Figure S8: Force vs. path length of the moving boat containing 14 PTFE liquid 

marbles (Supporting Movie 5). The area of the grayish peak corresponds to  

55 nJ. 

We envision that gradients in the physico-chemical properties of the air-water 

interface on the scale of centimeter to meter distances can be detected by 

moving this boat over the air-water interface. This sensing can be particularly 

useful for confined, restricted and/or dangerous areas where no direct access by 

people is possible.  

The broad absorption spectrum of black LMs allows for the variation of the 

excitation wavelengths. Sunlight provides free, affordable, inexhaustible and 

clean energy,32 and sunlight focused with a magnifying glass can be used as 

alternative light source and provide efficient and environmentally friendly 

movement of black LMs. Figure 4a and Movie 6 (Supporting Information) show 

two CB LMs pushing a boat with exemplary reagents. The boat was loaded with 

2 × 60 μl of dyed water and had a total weight of 0.39 g. Focused sunlight was 

applied alternately to each LM, which resulted in an on-demand meandering 

motion of the boat. Figure 4b shows the relationship between the tilt angle of the 

boat based on the horizontal axis and time depending on the application of 

focused sunlight on each LM. Application of sunlight on the left LM based on 

traveling direction led the boat bow to tilt to the right and vice versa. There was a 

lag (≈2 s) between the time when the sunlight started to irradiate the LM and that 

when the angle of boat bow changed due to Newton’s first law of motion, the law 

of inertia.  
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Figure S9: Analysis of the sun light-driven boat carrying 2×60 μl of dyed water 

droplets (Supporting Movie 6). a) Pathlength vs. time, b) velocity, c) acceleration 

and d) force profiles of the boat. The CB-stabilized LMs were irradiated using 

sunlight. The yellow and cyan shaded areas correspond to the irradiation period 

when the laser was irradiated to the upper and lower parts of the boats shown in 

the inset. 

It takes time to change the direction of the boat in motion by the application of an 

external unbalanced force. Analyses of the movie indicated that the maximum 

velocity and acceleration of the plastic boat were ≈1.2×10-2 m/s and  

1.4×10-2 m/s2, respectively, and the maximum force was calculated to be ≈5 μN 
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(Figure S9), which was comparable to those of the single LM and the plastic boat 

carrying multiple LMs. 

The results demonstrate the conversion of sunlight directly into work through 

thermal surface tension gradients without energy collection and storage, which 

are compulsory for photovoltaic systems.33 

 

5.4 Conclusions 

We have described the light-driven transportation of LMs and the on-demand and 

on-site disruption of the LMs by an external stimulus to release the inner 

materials. Furthermore, the LM can be used as a light-driven towing engine to 

carry loads. The LM stabilizer building blocks are not limited to PPy and CB. A 

variety of other types of building blocks, including carbon nanotubes, graphene, 

fullerenes and conducting polymers, can be utilized; their size, shape and bulk 

and surface morphology are well designed and controlled. The versatility of light 

sources presents an advantage over other optical techniques, such as optical 

trapping. The simplicity and variety of these LM stabilizers and light sources will 

enable in-depth synergistic experimental and theoretical investigations geared 

toward the understanding and utilization of a new class of delivery and release 

system. In the future, a wide variety of applications can be explored, including 

light-controlled microfluidics and drug delivery systems. 

 

5.5 Experimental section 

Materials: Pyrrole (Py), octanoic acid and aluminum oxide activated, basic, 

Brockmann I (~#150 mesh, pore size: 58 Å, surface area: 155 m2/kg) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Iron(III) chloride 

hexahydrate was obtained from Wako Pure Chemical Industries Ltd. (Osaka, 

Japan). Carbon Black (CB, acetylene, 50% compressed, 99.9+%, S.A.: 75 m2/g, 

bulk density: 80-120 g/L) was obtained from Alfa Aesar (Lancashire, UK). 

Deionized water (<0.06 µS cm-1) was prepared using a deionized water-

producing apparatus (MFS RFD240NA: GA25A-0715, Advantec Co. Ltd., CA, 

USA). Pyrrole was passed through activated aluminum oxide for purification. 
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Dyes (Brilliant Blue FCF, Sunset Yellow FCF and acid red) were kindly donated 

from San-Ei Gen F.F.I., Inc., and used as received. All other chemicals were 

used as received. A laser with a nominal wavelength of 808 nm and an output 

power of less than 200 mW (GLP-808-200 mW 13067032) was purchased from 

Changchun New Industries Optoelectronics Tech., Co. Ltd. (Changchun, China). 

A magnifying glass (f=10 cm) was used for sunlight-driven movement studies. 

Synthesis of PPy: All reactions were conducted under ambient conditions. First, 

Py (3.00 ml, 43.4 mmol) was dissolved in 100 ml of H2O in a 500 ml round bottom 

flask under continuous stirring at 500 rpm using a magnetic stirrer bar. The 

monomer fully dissolved within 2 h. In parallel, iron (III) chloride hexahydrate 

(27.38 g, 101.3 mmol) was dissolved in 66 ml of water. The stirring speed of the 

Py solution was adjusted to 250 rpm, and the FeCl3 aqueous solution was added 

within less than 1 min. Immediately, the Py reaction mixtures turned from 

transparent to dark green and then to black. The polymerization was conducted 

for 15 h. For purification, the suspension was centrifuged in H2O five times at 

4,800 rpm for 20 min. The wet product was freeze-dried for 4 days. Finally, the 

dry powder was pulverized for 10 min using a mortar and pestle. 

Hydrophobization of PPy: The hydrophilic PPy was hydrophobized by anion 

exchange of chloride against the octanoic acid anion. For this purpose, PPy  

(0.56 g) was suspended in 50 ml of H2O. In parallel, octanoic acid (1.05 g, 7.3 

mmol) and NaOH (0.29 g, 7.3 mmol) were dissolved in 88 ml of H2O within less 

than 1 h. The dissolved, neutralized acid was added to the suspended PPy, and 

the reaction mixture was mixed for 5 min at 2,000 rpm and subsequently 

defoamed for 10 min at 2,200 rpm using a planetary centrifugal Mixer ARE-310 

(Thinky, Tokyo, Japan). Finally, the suspension was centrifuged three times at 

4,800 rpm for 20 min in H2O. The wet product was freeze dried for three days. 

After drying, the powder was hydrophobic. The dry powder was ground with a 

mortar with a pestle for 10 min.  

Contact angle measurement: CB and PPy powder samples were prepared by 

finger-tight pressing of the respective powder between two glass slides. Static 

contact angles of water droplets (10 μl) were determined 10 s after deposition on 

the samples using an Excimer SImage02 apparatus at 25 ˚C.  
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Preparation of LMs: CB and hydrophobic PPy powder were slightly compacted 

in glass Petri dishes, and 10 μl water drops were rolled on the powder for 1 min. 

The hydrophobic powder adsorbed at the air-water interface of the drop to create 

a LM. Finally, the LM was carefully placed at the air-water interface. Depending 

on the experiment, Petri dishes, boats of 42×44×8 cm3 (IR measurements) and 

10×75×60 cm3 (sun light induced boat movement) or water films on poly(methyl 

methacrylate) glass were used as containers.  

Light-controlled movement: The light was manually directed sideways onto the 

LMs, aiming for three-phase contact. The angle of irradiation played a crucial 

role. An angle of up to 45° was most efficient at propelling the marble. At 90°, i.e., 

vertical irradiation, the LM typically remained stationary. Accurate laser 

positioning on the three-phase contact was difficult using hands, which should 

cause fluctuation of velocity and acceleration of LM locomotion. To simplify 

aiming at the LM, an NIR laser detection sheet was placed underneath the Petri 

dishes and acrylic glass (IR sensor card 800-1600 nm, LDT-008, Laser 

Components GmbH, Olching, Germany). (Note that the visible laser dot stems 

from the laser detection sheet which was underneath the water bath. Whenever 

the laser light did not hit the LM to be converted in heat it was converted to visible 

light by hitting the laser detection sheet. The shift in perspective of the visible 

laser dot and the liquid marble results from the upper back side illumination of the 

LM and the height difference between the LM floating on the water bath and the 

laser detection sheet.) A digital video camera (Sony Handycam HDR-CX270 V; 

30x optical zoom lens, Sony Co., Tokyo, Japan) was used to record movies and 

photographic images of the LMs, and their locomotion was recorded using a 

digital camera (Ricoh G700SE; 5.0x optical zoom lens, Ricoh, Tokyo, Japan).  

Software: The movies were analyzed using a commercial software (Keyence 

VW-9000 MotionAnalyzer, Keyence, Osaka, Japan) to obtain velocity, 

acceleration and applied force. Using this software, we first determined the 

position of the center of mass of the objects every frame, 𝑟(𝑡) Next, we obtained 

the finite difference of the position (displacement), ∆𝑟(𝑡) from the time course of 

𝑟(𝑡), and the velocity 𝑣(𝑡) = ∆𝑟(𝑡)/∆𝑡 where ∆𝑡 is the video rate (1/30 s). From 

the finite difference of 𝑣(𝑡) we obtained ∆𝑣(𝑡), the acceleration 𝑎(𝑡) = ∆𝑣(𝑡)/∆𝑡, 

and the force 𝐹(𝑡) = 𝑚𝑎(𝑡), where 𝑚 is the mass of the object. We thus 
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evaluated the velocity, acceleration and force. The magnitude of 𝐹(𝑡)was 

obtained from the 𝐹(𝑡) vs. 𝑡 plot. Furthermore, we determined the work applied 

on the object, 𝑊 from the 𝐹(𝑡) vs. 𝑟(𝑡) plot. Particularly, 𝑊 was evaluated from 

the area of a peak in the plot. 
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5.8 Further supporting information 

Supporting Videos can be downloaded from:  

http://onlinelibrary.wiley.com/doi/10.1002/adfm.201600034/epdf 

SEM studies (Keyence VE-8800, 12 kV) were conducted with Au sputter-coated 

(Elionix SC-701 Quick Coater) dried samples. 

Calculation of the energy conversion efficiency from light to heat: 

1. Energy of a photon 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = ℎ𝜈 =
ℎ𝑐

𝜆
        (eq. 5.1) 

where ℎ is the Planck constant, 𝑐 is the velocity of light and 𝜆 is wavelength. Now, 

𝜆 = 808 nm.  

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 =
ℎ𝑐

𝜆
=

6.626 × 10−34 J ∙ s × 2.998 × 108 m/s

808 × 10−9 m
= 2.46 × 10−19 J 

2. Temperature increase per photon 

The theoretical temperature increase T per photon is  

𝑇 =
𝐸𝑝ℎ𝑜𝑡𝑜𝑛

𝑘𝐵
=

2.46×10−19 J

1.38×10−23 J/K
= 1.78 × 104 K     (eq. 5.2) 

3. Conversion efficiency from light to heat 𝜂 

When irradiated, the maximum temperature of bulk CB and PPy were about  

1200 K. The efficiency 𝜂 is 

𝜂 =
1200

17800
= 0.067 

Therefore, 𝜂 is 6.7 %.  

Plastic boat: 

The plastic boats for dragging pulling experiments were fabricated using 

dimension bst768 (Stratasys, USA) 3D printer and FDM ABS-P400TM Model 

(white) cartridge (Stratasys, USA) with the aid of CatalystEX software. The 

shapes of the boats were designed using Creo 2.0 3D CAD software (PTC Inc.). 
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Thermographic analysis: 

Thermographic analysis was conducted with a thermal imager 890-2 from Testo 

(Lenzkirch, Germany). 

Analysis, equation and mechanism of locomotion: 

The difference in surface tension between the laser irradiation side and its 

opposite side works as a driving force for liquid marbles to move on the air-water 

interface. Once a liquid marble moves, friction occurs between the liquid marble 

and the fluid because of the fluid’s viscosity. Considering the driving and the 

friction forces, it is possible to understand the locomotion of the small object 

(liquid marble and boat). In the following discussion, we mention the driving force, 

the friction force and the equation of locomotion step by step.  

The driving force 𝐹𝑑𝑟𝑖𝑣𝑖𝑛𝑔 is 

𝐹𝑑𝑟𝑖𝑣𝑖𝑛𝑔 = (𝛾𝑙𝑜𝑤𝑇 − 𝛾ℎ𝑖𝑔ℎ𝑇)𝑤 = ∆𝛾𝑤     (eq. 5.3) 

where 𝛾ℎ𝑖𝑔ℎ𝑇 and 𝛾𝑙𝑜𝑤𝑇 are the surface tensions of air-water interface of laser 

irradiation side (relatively high temperature) and its opposite side (relatively low 

temperature), respectively, ∆𝛾 = 𝛾𝑙𝑜𝑤𝑇 − 𝛾ℎ𝑖𝑔ℎ𝑇 and 𝛾𝑙𝑜𝑤𝑇 > 𝛾ℎ𝑖𝑔ℎ𝑇. From ∆𝛾 and 

the diameter of liquid marble (𝑤 = 2.67 mm), it is possible to estimate the 

magnitude of 𝐹𝑑𝑟𝑖𝑣𝑖𝑛𝑔. Since the force generated from the surface tension 

gradient is the product of surface tension difference and width of the laser-

irradiated spot because surface tension is force by length (P.-G. de Gennes, F. 

Brochard-Wyart, D. Quéré, Capillary and Wetting Phenomena –Drops, Bubbles, 

Pearls, Waves-, Springer, 2003, p. 5), 𝐹𝑑𝑟𝑖𝑣𝑖𝑛𝑔 is calculated to be in the order of 

10-6 N.  

On the other hand, the friction force 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 is described by Newton’s law of 

viscosity.  

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜁𝑣 =
𝜂𝑆𝑣

ℎ
        (eq. 5.4) 

where 𝜂 is the viscosity of fluid, 𝑆 is the contact area between fluid and the 

object, ℎ is the thickness of fluid and 𝜁 is the decay constant. The decay constant 

𝜁 is   
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𝜁 =
𝜂𝑆

ℎ
          (eq. 5.5) 

Considering 𝐹𝑑𝑟𝑖𝑣𝑖𝑛𝑔 and 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛, we get the equation of locomotion as 

𝑚
𝑑2𝑥

𝑑𝑡2
= 𝐹𝑑𝑟𝑖𝑣𝑖𝑛𝑔 − 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛       (eq. 5.6) 

where 𝑚 is the mass of the small object.  

Temperature of liquid marbles at the air-water interface: 

Temperature analysis was conducted thermographically. In our setup, we were 

restricted to top-view analysis. Hence, precise thermographical analysis of the 

three-phase contact line of the irradiated LMs was not possible. The temperature 

of an irradiated liquid marble was traced as a function of the irradiation/propulsion 

time. Typically, temperatures in the range of 35-50 °C were measured. Seldom, 

peak values of ca. 100-150 °C were observed. On one hand, the real 

temperature at the three-phase contact might be higher than the observed range 

of 35-50 °C since the point of irradiation is shielded to thermography by most of 

the liquid marble. On the other hand, we assume the temperature at the three-

phase contact line must be smaller than the observed peak values arising when 

the liquid marble is accidently irradiated from the top by human misplacement of 

the laser beam. This is conclusive since irradiation at or below the three-phase 

contact line allows the heat to efficiently dissipate into the bulk water as observed 

by thermography (Figure 2). This dissipated heat finally is the source of the 

observed Marangoni propulsion. 
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6 Conclusion 

This thesis deals with three approaches, i.e. super liquid-repellent surfaces, the 

Leidenfrost effect and liquid marbles, to fabricate and manipulate non-wetting 

surfaces and drops. The key concept to obtain non-wettability in all three 

approaches is based on the entrapment of air pockets between the substrate and 

the drops. Four contributions are presented, which address recent developments 

in the mechanical refinement of super liquid-repellent surfaces and demonstrate 

new strategies for the manipulation of drops using the Leidenfrost effect and 

liquid marbles.  

i)  A technique based on a colloidal indenter mounted to a scanning probe 

microscope was successfully used to mechanically test candle soot-based super 

liquid-repellent surfaces. Quantitative values, like the effective elastic modulus, 

were obtained and compared to wetting measurements. In this specific case, the 

indentation technique allowed the careful balance of mechanical strength against 

wetting properties based on the reaction parameters of the surface. The study 

also shows that this technique and the analysis of the data is rather work 

intensive and not straight forward. Anyhow, the test proved to be valuable to 

refine the preparation process in the presented study and exposed the influence 

of the different reaction parameters on the mechanical strength. This technique 

might also be adaptable and helpful to differentiate surfaces of comparable 

mechanical strength, porosity and coating thickness, what still needs to be 

confirmed.  

ii)  Watery, drop shaped particles jumped from a smooth substrate if the 

temperature of the substrate was quickly ramped up. This was attributed to the 

violent boiling and splashing of the water meniscus around the objects at 

elevated temperatures. If the object was a highly water loaded hydrogel, it could 

repeatedly bounce thereafter. This is especially true if the hydrogel possessed a 

certain elasticity. In this case, the hydrogel even jumped at increasingly higher 

heights. Too soft hydrogels behaved more like liquid drops, whereas too stiff 

particles behaved like inelastic solids upon bouncing. Repeated bouncing was 

attributed to evaporation of water from the hydrogel, similarly to the Leidenfrost 

effect, which led to an upward force when the gel contacted the surface.  
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iii) Finally, photo-thermally responsive liquid marbles were prepared and 

successfully propelled over the water-air interface. A beam of light shot at the 

liquid marbles was converted to heat by the powder shell and dissipated into the 

liquid. This caused a heat-based Marangoni flow on the water surface close to 

the liquid marble and led to efficient propulsion of the liquid marble. This way, a 

light beam can be indirectly used to determine the movement of liquid marbles in 

space and time. Furthermore, the inner content was on-demand released by an 

external trigger, e.g. light or pH. This was used to detect iron ions dissolved in the 

water underneath the liquid marble by releasing a KSCN solution: When the 

liquid marble was broken, blood red precipitate formed under it due to the 

formation of Fe(SCN)3. In a different application, light-driven liquid marbles were 

used to push millimetric objects floating at the air-water interface, similar to a 

towing engine. In this sense, light-driven liquid marbles proved to be very efficient 

to propel µl sized drops and millimetric objects over the air-water interface. 

Implementation of the presented concept into a practical application is yet to be 

shown. 

 

Overall, super liquid-repellent surfaces, the Leidenfrost effect and liquid marbles 

are three efficient approaches to yield low adhesion, mobile drops based on 

entrapped air cushions between substrate and drop. The presented work 

contributed to current demands and needs. It is certain that these research fields 

have much more fascinating details and applications for us to come in the future. 
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7 Appendix 

7.1 Supplement information to chapter 1.2.9: Brief overview of 

contact mechanics to analyse force-sensitive measurements 

Data obtained from force-displacement experiments can be interpreted in 

different ways, depending on the characteristics of the surface.110, 111 In an ideal 

case, the interaction between the two objects is purely elastic. In this case the 

approach and retract curve overlap. This was described by Hertz for two spheres 

which are being pressed together.112 He related the force (𝐹𝐻) acting on the 

spheres, the indentation depth ℎ𝑚𝑎𝑥,𝑠𝐻𝑒𝑟𝑡𝑧, the contact radius 𝑎 and the radius 𝑅 

of the spheres to the effective elastic modulus 𝐸𝑒𝑓𝑓 : 

𝐹𝐻 =
4𝐸∗𝑎3

3𝑅
         (eq. 7.1) 

And the indentation depth ℎ𝑚𝑎𝑥,𝑠𝐻𝑒𝑟𝑡𝑧 is 

ℎ𝑚𝑎𝑥,𝑠𝐻𝑒𝑟𝑡𝑧 =
𝑎2

𝑅
        (eq. 7.2) 

Combining eq. 7.1 and eq. 7.2 leads to a relationship between 𝐸𝑒𝑓𝑓, 𝐹 and ℎ. 

Using this equation, the effective elastic modulus can be measured by 

deformation of the spheres when the applied load is known. 

𝐹 =
4√𝑅

3
∙ ℎ

3

2 ∙ 𝐸𝑒𝑓𝑓        (eq. 7.3) 

Equally,  𝐸𝑒𝑓𝑓 is obtained from the slope S of the retract curve in Figure 21, which 

corresponds to the derivative 
𝑑𝐹

𝑑ℎ
. 

𝑆 =
𝑑𝐹

𝑑ℎ
=

2

√𝜋
𝐸𝑒𝑓𝑓√𝐴        (eq. 7.4) 

The effective elastic modulus 𝐸𝑒𝑓𝑓 is a mixed value of both bodies interacting. It 

depends on the Poisson’s ratios, 𝜈1 and 𝜈2 and the elastic moduli 𝐸1 and 𝐸2 of the 

respective bodies: 

1

𝐸𝑒𝑓𝑓
=

(1−𝜈1
2)

𝐸1
+

(1−𝜈2
2)

𝐸2
        (eq. 7.5) 
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Often, the contact is not purely elastic and non-negligible adhesive forces are 

involved. Adhesive contact can lead to the formation of a “neck” when a sphere is 

retracted from a plane surface. Based on the Hertzian equation two theories to 

describe adhesive contact were developed. The first is the JKR theory, named 

after Johnson, Kendall and Roberts and the second is the DMT theory, named 

after Dejarguin, Müller and Toporov.  

The JKR theory extends the Hertz theory by adding an additional term for the 

balance between stored elastic energy and the corresponding loss in surface 

energy 𝛾 when the sphere is retracted.113 The theory considers the effect of 

contact pressure and adhesion within the contact area and it applies for relatively 

soft materials were strong, short-ranged interaction forces are present. 

The force 𝐹𝐽𝐾𝑅 is related to the indentation depth and contact radius as: 

𝐹𝐽𝐾𝑅 =
4𝐸𝑒𝑓𝑓 𝑎3

3𝑅
− √8𝜋𝑎3𝐸𝑒𝑓𝑓 𝛾      (eq. 7.6) 

The indentation ℎ𝐽𝐾𝑅 is: 

ℎ𝑚𝑎𝑥,𝑠𝐽𝐾𝑅 =
𝑎2

𝑅
− √

2𝜋𝛾

𝐸𝑒𝑓𝑓 
       (eq. 7.7) 

Rearrangement of eq. 7.6 leads to the contact radius 

𝑎3 =
3𝑅

4𝐸𝑒𝑓𝑓 
(𝐹𝐽𝐾𝑅 + 3𝜋𝛾𝑅 + (6𝜋𝛾𝑅𝐹𝐽𝐾𝑅 + (3𝜋𝛾𝑅)2)

1/2
)   (eq. 7.8) 

The DMT theory applies for relatively stiff materials and it assumes a weak 

interaction between sphere and material.114, 115 Unlike the JKR theory, the DMT 

theory considers attractive interaction not inside but in the close proximity outside 

of the contact area.  

In this case, the force 𝐹𝐷𝑀𝑇 is given as: 

𝐹𝐷𝑀𝑇 =
4𝐸𝑒𝑓𝑓 𝑎3

3𝑅
− 2𝜋𝛾𝑅       (eq. 7.9) 

And the indentation ℎ𝑚𝑎𝑥,𝑠𝐷𝑀𝑇 is equal to ℎ𝑚𝑎𝑥,𝑠𝐻𝑒𝑟𝑡𝑧. This finally relates to the 

contact radius as: 

𝑎3 =
3𝑅

4𝐸𝑒𝑓𝑓 
(𝐹𝐷𝑀𝑇 + 2𝜋𝛾𝑅)       (eq. 7.10) 
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Whereas mechanical testing of continuous materials such as braking systems or 

train wheels contacting rails is rather well established and understood, 

mechanical testing of very rough surfaces remains a challenge. Especially, the 

analysis of force sensitive measurements is not trivial. The real contact area 𝐴 is 

much smaller if a rough surface is indented compared to the nominal contact 

area 𝐴0 of perfectly smooth surfaces interacting.  

Greenwood and Williamson approximated this problem by considering a surface 

which is randomly rough on one length scale.116 Upon making the assumption 

that the height 𝑥 of the asperities follows a Gaussian distribution 𝑃𝑥, that the 

asperities are not too close to each other and that their contact is purely elastic, it 

is possible to treat every asperity contact as an individual Hertz contact. Provided 

that the surface roughness is well characterized and the height profile is known, 

the nominal squeezing stress 𝜎0, which is the nominal Force 𝐹𝑁 divided by the 

nominal area 𝐴0, is given as:110, 116  

𝜎0 =
𝐹𝑁

𝐴0
=

4𝐸

3(1−𝜈1
2)

𝑛0 ∫ 𝑑𝑥(𝑥 − ℎ)3/2∞

𝛿
√𝑅𝑃𝑥     (eq. 7.11) 

Where 𝑛0 is the number of asperities per unit area. In this form and for simplicity, 

it is assumed, that the top part of the asperities are spherically shaped and have 

a constant radius 𝑅. Asperities which have a height of 𝑥 > ℎ will then make 

contact at an indentation depth ℎ.  

Thereafter, Fuller and Tabor incorporated adhesive interaction between probe 

and surface asperities by replacing Hertz contact mechanics against JKR contact 

mechanics.117 

Bush, Gibson and Thomas refined the Greenwood and Williamson model by 

considering roughness to occur on different length scales.118, 119 As long as the 

real contact area 𝐴 is much smaller than the nominal contact area 𝐴0, the stress 

distribution at the interface is constant. This means that the real contact area 𝐴 

increases with increasing load 𝐹𝑁 for the case that 𝐴 is much smaller than 𝐴0. 

The mathematical treatment and assumptions are similar to the Greenwood and 

Williamson theory but the asperities are assumed to have a parabolic shape. 

Perrson accounted for the opposite case, when a firm contact between probe and 

rough surface is established, i.e. when 𝐴 is close to 𝐴0.110 
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The above-mentioned cases consider that the interaction between probe and 

surface is elastic, i.e. reversible. In reality, many materials deform plastically, i.e. 

they yield, once a critical yield stress 𝜎𝑌 is exceeded.110, 120  

One quantity to characterize surfaces, which deform elastically and plastically, is 

the hardness 𝐻. 𝐻 is given as:67 

𝐻 =
𝐹𝑚𝑎𝑥

𝐴𝑟𝑒𝑠
         (eq. 7.12) 

Here, 𝐴𝑟𝑒𝑠 is the residual area after the indentation process due to plastic 

deformation of the surface. 𝐻 is practical to classify a material as long as the 

indent is large enough and the surface smooth enough to clearly determined 𝐴𝑟𝑒𝑠. 

This becomes non-trivial if 𝐴𝑟𝑒𝑠 becomes small and/or the surface roughness 

becomes high, especially in the case of rough surfaces. 

Following the concepts from above, the asperities of a rough surface first respond 

elastically to an imposed force and then yield once the yield stress 𝜎𝑌 is 

exceeded. The load is then carried by a mixed contact area, which is partially 

elastically and plastically deformed. The normal force acting on the elastically 

deformed contact area 𝐹𝑒𝑙(𝜁) is given by: 110, 120 

𝐹𝑒𝑙(𝜁) = 𝐴0 ∫ 𝑑𝜎 𝜎 𝑃(𝜎, 𝜁)
𝜎𝑌

0
       (eq. 7.13) 

Whereas 𝑃(𝜎, 𝜁) is the stress distribution at the interface. 𝜁 = 𝐿/𝜆 is the so-called 

magnification. 𝐿 is the diameter of the nominal contact area between the two 

bodies and 𝜆 is the shortest surface roughness feature which can be resolved at 

magnification 𝜁. 

Overall, force sensitive measurements on not too rough surfaces are practical to 

understand and classify material properties. Rough surfaces can also be included 

if the surface texture is well characterized and the asperities respond elastically. 

The work and effort to analyze force sensitive data strongly increase if the texture 

cannot be well-described and the asperities break at low yield stress. This is also 

why no standardized protocol and technique is found for such surfaces. If the 

specimen is isotropic and thick enough an averaged mechanical response can be 

obtained by choosing high indentation depths. This way, the influence of the 

roughness on the averaged mechanical response can be reduced. 
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