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Riassunto

Quando i �uidi vengono con�nati in canali micro�uidici, di dimensioni caratter-

istiche dell'ordine della decina o centinaia di micron, le loro proprietà possono

risultare signi�cativamente diverse da quelle tipicamente osservate negli stessi

�uidi, ma nella cosiddetta condizione massiva. Ciò è dovuto principalmente al

fatto che la miniaturizzazione di qualsiasi sistema porta a un rapporto super-

�cie / volume grande, in cui tipicamente le forze volumetriche sono trascurabili

rispetto a quelle super�ciali. Questo e�etto si veri�ca ad esempio quando due

�uidi immiscibili vengono mescolati per formare emulsioni di gocce. Negli ul-

timi dieci anni, l'idea di utilizzare gocce in dispositivi micro�uidici si è di�usa

soprattutto perché permette di ridurre le tipiche dimensioni coinvolte in questi

sistemi, comportando un notevole numero di applicazioni in chimica, in biologia

ed in �sica. Tuttavia, nonostante la loro grande notorietà, per la complessità dei

fenomeni interfacciali coinvolti, i sistemi micro�uidici che utilizzano gocce non

sono stati ancora pienamente compresi. Lo scopo di questa tesi è, quindi, quello

di caratterizzare i sistemi di gocce comunemente utilizzati in dispositivi micro�u-

idici. In particolare, abbiamo lavorato con gocce con�nate sia in sistemi aperti

che in sistemi chiusi, focalizzandoci sulla loro produzione, il loro controllo e la

loro manipolazione. Per fare ciò abbiamo realizzato vari tipi di micro-dispositivi

che presentano diverse caratteristiche geometriche e di bagnabilità.

Per quanto riguarda i sistemi aperti, nel Capitolo 3, abbiamo paragonato la forma

di gocce d'acqua con�nate su strutture aventi sezioni circolari e quadrate, osser-

vando che la condizione di �pinning� della linea di contatto è fortemente in�uen-

zata dalla geometria della struttura. In particolare, nel caso del pro�lo circolare,

la linea di contatto è bloccata lungo tutto il bordo della struttura, confermando
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il criterio di Gibbs, mentre nel caso del pro�lo quadrato, la linea di contatto può

scendere lungo le pareti verticali, perché sostenuta dagli angoli.

Nel capitolo 4, siamo passati ad indagare la transizione morfologica tipica di

gocce con�nate su strutture allungate: da uno stato di ��lamento�, dove il liquido

è distribuito uniformemente sulla struttura, a un stato �gon�ato�, dove esso forma

una protuberanza al centro della struttura stessa. Questo e�etto era già noto in

letteratura, ma non era mai stato quanti�cato in termini di geometria della strut-

tura e del volume delle gocce. Abbiamo quindi considerato strutture con pro�lo

rettangolare, aventi diversi rapporti di aspetto ` (rapporto tra lunghezza L e

larghezza W ). Aumentando e diminuendo progressivamente il volume dell'acqua

sulla super�cie delle strutture, abbiamo osservato che la transizione morfologica

si veri�ca per tutti i rapporti di aspetto `, ma che soltanto per `> 16, vi è una

bistabilità dei due stati allo stesso volume. Inoltre, abbiamo iniziato a studiare

la transizione sotto l'aspetto dinamico, cercando di indurla mediante delle oscil-

lazioni, osservando che questo è possibile solo per strutture con `> 16.

Inoltre, al �ne di controllare il movimento delle gocce, nel capitolo 5, abbiamo

studiato il loro diverso comportamento di scorrimento su super�ci omogenee e

strutturate chimicamente. Per fare questo abbiamo realizzato super�ci con mi-

crostrisce idro�le e idrofobe, mediante la tecnica del �microcontact printing�. Os-

servando lo scivolamento di gocce d'acqua su queste super�ci, abbiamo riscontrato

che esse presentano un moto denominato �stick-slip�, che provoca la loro defor-

mazione e introduce un nuovo attrito al sistema goccia-super�cie, imputabile alla

dissipazione di energia alla linea di contatto.

Con lo scopo di studiare la produzione e il controllo di gocce in canali micro�uidici

chiusi, nel Capitolo 6, abbiamo focalizzato la nostra attenzione per de�nire un

protocollo a�dabile per la produzione di gocce mediante giunzioni a T. Inoltre,

abbiamo studiato il tipico problema del rigon�amento del PDMS, che si veri�ca

quando esso si trova a contatto con solventi organici. Confrontando microcanali

con diversa sezione, abbiamo notato che le deformazioni dovute al rigon�amento

sono fortemente connesse con la geometria dei dispositivi. In particolare esse

risultano più evidenti quando il rapporto di aspetto (altezza / larghezza) della

sezione trasversale del canale è maggiore.

In�ne, nel capitolo 7, abbiamo introdotto un nuovo metodo per modi�care le

proprietà di bagnabilità di resine tioleniche, che vengono comunemente usate in
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micro�uidica. In particolare abbiamo lavorato con il NOA, una resina disponi-

bile in commercio, che mostra un angolo di contatto statico di 70 °. Utilizzando

la chimica tipica dei clorosilani, abbiamo cambiato la bagnabilità della resina,

portandola ad angoli di contatto più idro�li ed idrofobi. Inoltre abbiamo anche

dimostrato che questa tecnica può essere utilizzata sia con sistemi micro�uidici

chiusi, sia con sistemi aperti.

Parole chiave:

Microfabbricazione, micro�uidica, gocce, fenomeni interfacciali, bagnabilità, mi-

cro�uidica delle gocce, PDMS, soft litogra�a, fotolitogra�a, linea di contatto.

Si desidera ringraziare la Fondazione Cassa di Risparmio di Padova e Rovigo

(http://www.fondazionecariparo.net/) per aver �nanziato il presente progetto di

Dottorato di Ricerca, nell'ambito dell'iniziativa `PROGETTO DOTTORATI DI

RICERCA 2009', svoltosi in collaborazione con l'Università di Padova (Italia).
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Abstract

When �uids are con�ned on the length scales of micro�uidic channels, typically in

the range of tens and hundreds microns, their behavior may results signi�cantly

di�erent with respect to the so called �bulk� proprieties. This is mainly due to

the fact that the miniaturization is always characterized by a large surface to

volume ratio, where the body forces can be normally neglected in favor of the

surface forces. Notable example of this kind of systems is observable when two

immiscible �uids are mixed to form droplets of emulsions. In the last ten years,

the idea to use droplets in micro�uidics has been inspired mainly because it al-

lows to further scale down the typical size involved in these systems, bringing to a

huge number of applications in chemistry, biology and physics. However, despite

a large notoriety, micro�uidic systems using droplets are not yet fully understood

for the complexity of the interfacial phenomena that are involved. Aim of this

thesis is to characterize the droplet systems commonly used in micro�uidic de-

vices. In detail, we worked with droplets in both open and closed micro�uidic

systems, focusing with the problem of their generation, control and manipulation

with suitable microdevices, in presence of defects having di�erent geometry and

wettability.

Regarding the open micro�uidics, in Chapter 3,we �rst compared the shape of

water droplets con�ned on posts having circular and square cross sections, observ-

ing that the pinning of the contact line is strongly in�uenced by the post shape.

In particular, in the case of a circular pro�le, the contact line is pinned to the

whole edge, con�rming the Gibbs criteria, while on the square post, the contact

line can spill along the vertical walls, because it is sustained by the corners.

Then, in Chapter 4,we moved to investigate the change of morphological con�g-

5



6

uration from �lament to bulge state, typical of liquid droplets con�ned on posts

with rectangular cross section. This e�ect was already know in literature, but

it was not quantify in term of post geometry and volume of the water droplets.

Therefore, we realized rectangular posts with di�erent aspect ratio (`), between

length (L) and width (W ). Changing the water volume on the posts, we observed

that the morphological transition occurs for all the aspect ratios ` and that, for

`>16, there is a bistability of the two states at the same volume. Furthermore,

we started to investigate the dynamic of the transition, induced by oscillations,

founding that, for posts with `>16, it is possible to induce the transition by the

oscillation, without change the volume.

Next, in order to control the droplets motion, in Chapter 5, we studied the di�er-

ent behavior of sliding droplets on homogeneous and on chemically patterned sur-

faces. To do that we realized surfaces with hydrophilic and hydrophobic stripes

by microcontact printing. On these surfaces, droplets show stick-slip motion,

which causes the deformation of their shapes and introduces an extra friction

imputable to the dissipation of energy at the contact line.

With the aim to study generation and control of droplets in closed micro�uidic

channels, in Chapter 6, we focused our attention to de�ne a reliable protocol for

the production of droplets by T-junctions. Moreover, we investigated the swelling

problem, which occurs using organic solvent into PDMS microchannels. We no-

ticed that the swelling deformation is strongly connected with the geometry of

the devices, being more evident when the aspect ratio (high to width) of the

channel cross section is higher.

Finally, in Chapter 7, we introduced a new method to change the wettability

proprieties of thiolen resins, which are commonly used in micro�uidics. In partic-

ular we worked with NOA, a commercial available resin, which shows a contact

angle of 70°. Using chlorosilane chemistry, we changed its wettability to a more

hydrophilic and to hydrophobic contact angles, showing that this technique can

be used both to open and closed micro�uidic devices.

Keywords:

Microfabrication, micro�uidics, droplets, interfacial phenomena, wetting, droplet

micro�uidics, PDMS, soft-lithography, photo-lithography, contact line.
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Introduction

Microfabrication usually refers to the set of processes needed for realizing struc-

tures having micrometer size. Historically, it was developed during the second

half of the 20th century from the electronics industries, pushing the production of

smaller and smaller devices that nowadays are at the basis of countless consumer

products like radios, computers, phones, watches, etc. In the 1990s, the original

concept of the transistor miniaturization, to drive electrons in small �channels�,

inspired the possibility to �ow and manipulate small amounts of �uids (10−9

to 10−18 liters), using channels with dimensions from tens to hundreds of mi-

crometers. This concept is commonly known as micro�uidics and its goal is the

realization of the Lab-on-a-chip, which consists in the miniaturization of all the

processes normally performed on analysis laboratory, on the scale of an individ-

ual micro�uidic device. When �uids are con�ned on the scales of microchannels

and microdevices, their behavior may results signi�cantly di�erent with respect

to the so called �bulk� proprieties. This is mainly due to the fact that the minia-

turization is always accompained by a large surface to volume ratio, as shown

in Figure 1b. A relevant example occurs when two immiscible �uids are mixed

to produce emulsions, forming droplets of one phase dispersed in the other. De-

spite these are metastable systems, their lifetime may become signi�cant enought

(more than a year) that they are good candidates for many commercial applica-

tions, mainly with regard to food, cosemtics, drugs, oil, etc. [1]. Moreover, the

use of droplets in micro�uidic devices allows from one hand to further scale down

the typical size involved in immiscible systems, and from the other hand to gather

the control of the dispersed phases at the level of single droplet. In particular, in

chemistry every droplet can be reviewed as a single small reactor where chemicals
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may be mixed in more e�cient way than in usual microchannels [2] and can be

exploited for the synthesis of polymer and inorganic particles [3]. In biological

applications, being the dimension scale of the droplets similar to the biological

tissue, it is possible to reduce the liquid volume and better screen the biological

assays, like for example DNA ampli�cation by PCR [4]. In physics, droplets in

micro�uidic devices can be exploited to study the multi-phase systems, focusing

on the non-obvious connection between micro- and macro-scale proprieties, which

represents a challenging open problem [5�7]. Despite so large notoriety, micro�u-

idic systems using droplets are not yet fully understood for the complexity of the

interfacial phenomena that are involved. In fact, when an interface is considered,

there are at list two phases involved and its response to a stimulus can depend

from vary di�erent factor, e.g. the dimension and geometry of the system, the

proprieties of the bulk phases, etc. As a consequence, the higher is the number

of the phases, the harder is the prediction of their interfaces behavior, and in

droplet micro�uidics are normally involved more than one solid, liquid and gas

phases in the same system.

Aim of this thesis is to characterize the interfacial phenomena of droplets

normally used in micro�uidic devices, therefore focusing on their behavior when

they are in con�ned conditions. In particular, we concentrated our attention

on their manipulation, which is a key step for their applications, especially in

biological and chemical �elds [8,9]. It is largely used to refer to these systems as

droplet or open micro�uidics. The �rst de�nition concerns droplets con�ned in

closed microchannels, while the second is used when they are con�ned on open

surfaces, for example in direct contact with the air.

Figure 1: a) Example of microfabrication technique commercial available: two-photon
polymerization [10]; b) scheme describing the scaling of surface to volume ratio of a
cube with di�erent sides; c) picture of a water bug standing on water's surface, for
e�ect of the surface tension; d) Example of everyday emulsion: olive oil and balsamic
vinegar [11].
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Droplet micro�uidics. In the second half of the 20th century a new strategy

of �uid manipulation was developed: the droplet micro�uidics, where discrete

volumes of di�erent phases are produced and manipulated [12]. Although this

adds a new degree of complexity to the system, it presents many advantages

compared to the single phase �ow [2], which may be basically summerzed as

follows:

� every droplet can be seen as a single reactor;

� a system can produce a large number of such reactors;

� there is no interaction between droplet and channel walls;

� inside the droplet there is no dispersion but, a more rapid mixing, related

to the �ow �eld due to interfaces.

Figure 2: a) Droplet micro�uidics [12]; b) microdroplets obtained using two organic
phase (�uorinated oil/silicone oil) and water as the external phases [13]; c) time sequence
showing the destabilization of a droplet pair passing through a symmetrical coalescence
chamber and moving from left to right [14].

Moreover, droplets can be easily generated, transported and manipulated,

playing with geometry of the devices. For this reason droplet micro�uidics has

become an excellent platform for innumereous applications of material science.

Just to name a few, i) pharmaceutical and food industries include bene�ts from

the realization of uniform emulsions. ii) Other applications include: synthesis of

biomolecules, drug delivery and DNA ampli�cation. iii) In Engineering (especially

electronic) it is emerging the micro�uidic bubble logic [15]: a bubble traveling in

a channel represents a bit that transports materials and performs logic operations

like AND/OR/NOT gates.
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Open micro�uidics. Micro�uidic devices are usually a set of closed channels

with a micrometer section. Even if they have a considerable potential utiliza-

tion, closed micro�uidics have some inconveniences: e.g. small channels easily

clog, no accessibility to the liquids, �ows through very small cross section pipes

are extremely di�cult because of the high �uidic resistance and the fabrication

is more challenging [16]. A way to overcome these inconveniences is o�ered by

open micro�uidics: liquid drops are positioned on an open surface and have a

free interface with air. The main goal of open micro�uidics is the total control of

the drops, including: formation, volume [17], morphology [18, 19] and above all,

motion [20,21].

A widely used method to generate and control drop motion is the electrowet-

ting [22]: applying di�erent electric potentials on a conductive surface, it is pos-

sible to change its wettability. For obtaining a better control of the droplet mo-

tion, they are usually positioned between two plates: a homogeneous top plate

and a patterned bottom plate. When electric potentials are applied between

them, changing the wettability, the droplets move [21]. This technology can be

used in: dry blood spot analysis [21], extraction and quanti�cation of estrogen

in biological samples [23] and cell culture analysis [24]. This device may be po-

sitioned halfway between closed and open micro�uidics, inheriting the �uid non

accessibility of closed micro�uidics. Anyway, considering also the open con�gura-

tions, electrowetting presents some intrinsic limitations for non ionic liquids [25].

An alternative method for driving droplets is the application of surface acoustic

waves (SAWs) to the substrate. SAWs are acoustic waves which travel coupled

with the material surface, which over the past few decades, have been success-

fully employed in various applications: radio frequency (RF) communication,

biochemical sensors and optical modulators [26]. In recent years, SAW has been

attracting attentions from micro�uidics research communities to drive droplets.

As a matter of fact, owing to the mismatch of sound velocities between substrate

and liquid, SAWs can be e�ciently transferred into the liquid, to create signi�-

cant inertial force and �ow velocity. Therefore, this mechanism can be exploited

to drive liquid actions such as pumping, mixing, jetting [20]. Generally, SAW

devices consist in interdigitated transducer (IDT) fabricated on a piezoelectric

substrate, using standard photo-lithography and etching processes.

Instead of using complex devices, which need expensive lithographic techniques,
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it is possible to cause the droplets movement with vibration, by putting in oscilla-

tion the substrate where they are placed. In particular, Brunet et al. [27] observed

that applying vertical vibrations on a �at surface tilted at 45°, a droplet, initially

pinned, can slide down, as if it is without friction and slide up in antigravity

direction. This happens because the vibration changes the local contact angles

of the droplet and for particular amplitudes and frequencies, the contact angle

hysteresis can overcame the condition of sliding, allowing the drop to move up or

down.

Figure 3: a) Open micro�uidic device can measure estrogen levels in very small samples
of tissue. The device uses electrowetting, in which discrete droplets (colored with dyes
in the picture) are manipulated by application of electrical potentials to an array of
electrodes. [28]; b) Side and bottom views of a colored droplet sliding on patterned
surface.

Thesis outline. Regarding the interfacial phenomena of droplets in both open

and closed micro�uidic con�gurations, a key parametrer is the wettability at the

solid/liquid interface, which is determined either by the chemical nature of the

surfaces or the physical patterning. Full control of the wetting properties can

be achieved only by aqcuiring the ability of realizing devices in a versatile way.

For this reason, a consistent part of this thesis is devoted on the exanimation

of the microfabrication strategies, for �nding the best solutions for a given in-

vestigation: for every activity we have scrupulously tested the best experimental

technique, sometimes through trials and errors of procedure. Then, only after

the optimization of the microfabrication step, we started with the experiment.

Additionally, the apparatus setups described, were assembled in the laboratory
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during the PhD. This choice is largely motivated by the possibility to overcome

limitations of commercial setups, that are usually hardly versatile.

This thesis is structured for guiding the readers to the comprehension of the

studies described. Chapter 1 and Chapter 2 represent respectively an introduction

to the physical proprieties and on the microfabrication techniques, which play an

important role in open and closed micro�uidics. Particular attention is focused on

the useful concepts to understand the works described in the following chapters.

Chapter 3 and 4 describe experimental and numerical studies of droplets con�ned

on di�erent types of posts, having various wetting proprieties and geometries. In

the �rst case, the pinning e�ect is analyzed, while in the second case the morpho-

logical transition of a �lm of water is described. Chapter 5 presents a dynamic

observation of droplets which slide on open inclined surfaces. For the �rst time,

the di�erent behaviors of sliding between patterned and homogeneous surfaces

are considered. Chapter 6 shows a preliminary study of droplet micro�uidics in

microchannels, developed with the aim to understand how to generate droplets in

closed systems and how to develop their manipulation with obstacles eventually

present in the microchannels. In parallel to this study, we quantitatively studied

also the behavior of a water/air meniscus that �lls a microchannel patterned with

di�erent posts. The results are illustrated in the Appendix B. Finally, in Chapter

7 is described a stable and versatile method to functionalize a surface of thiolene

resin, which are a common material in micro�uidics.



15



16



Chapter 1
Surface properties in microdevices

The behavior of �uids in microchannels is strongly in�uenced by the high surface-

to-volume ratio highlighting the surface properties of the materials, to the point

that the body forces can usually be neglected. Sometimes this brings to unex-

pected behaviors, which go against the physical intuition.

This Chapter introduces basic concepts for describing �uid proprieties under con-

�nement. At First, we review the concept of laminar �ow, which dominate the

�ow in micro�uidic devices. Then, we introduce the more important interfacial

phenomena which are involved in the open micro�uidic systems and in particular,

which are described in the studies discussed in this thesis. Finally, the speci�c

�led of droplet micro�uidics is illustrated, to give an overview of the state of the

art of these micro�uidic devices.
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1.1 Introduction

The typical micro�uidic devices are composed of a serial of microchannels con-

nected with each other and having dimensions in the order of tens and hundreds

of microns. These small dimensions strongly a�ect the �uid dynamics of such

systems and one of the most important consequences is that the �ow in mi-

crochannels is laminar [29]. This allows a very good control of the �uid transport

and moreover, the possibility to generate controlled droplet emulsions [2, 9, 12].

The laminar �ow in microchannels can be numerically derived solving the Navier-

Stokes equations, which generally describes the motion of �uids [29]. In the

following section, this and other base concepts to explain the laminar �ow in

microchannels are reviewed.

1.2 Laminar �ow in microchannels

Let us consider the velocity �eld u of a Newtonian (viscosity does not change

with the velocity) and incompressible �uid with density ρ and viscosity µ. It can

be described with the Navier-Stokes (Equation 1.1) and the conservation of mass

(Equation 1.2) equations:

ρ(
δu

δt
+ u · ∇u) = −∇p+ η∇2u+ f, (1.1)

δρ

δt
+∇ · (ρu) = 0, (1.2)

where p is the pressure and f is the external force per unit volume. In par-

ticular the Equation 1.1 rappresents Newton's second law for unit volume, where

the inertial term appears on the left and forces on the right. Therefore, con-

sidering the �uid incompressibility, which is valid if the velocity is much lower

than the sound speed, the velocity �eld is uniquely determined by the boundary

conditions: the slip length on the border is very small compared to the typical

channel size. Moreover, if the walls are waterproof, also the normal component

of the velocity to them is zero. Integrating Equation 1.1 and taking in to account

these considerations, the velocity �eld assumes the well known Hagen-Poiseuille

parabolic pro�le where the maximum velocity is in the center of the channel [30]:
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∆p =
8µLQ

π r4
(1.3)

where Q is the volumetric �ow rate that passes the channel, r is the radius

and ∆p = p2 − p1 is the pressure di�erence between two points of the channel

separated by the distance L, as shown in Figure 1.1. Equation 1.3 is valid only

Figure 1.1: Geometry used for the Hagen-Poiseuille equation, described in Equation
1.3.

for circular cross sections and for rectangular cross sections, there is no exact an-

alytical solution. One way to solve this problem is considering the approximation

of the hydraulic radius in Equation 1.3. This quantity is de�ned considering a

theoretical circular channel having the same area as the rectangular real channel.

According to Equation 1.3 the �ow rate Q in the channel depends linearly on the

pressure gradient ∆p. In analogy to Ohm's law, the hydrodynamic resistance of a

micro�uidic channel can be introduced. In this analogy the pressure corresponds

to the electric voltage and the �ux to the electric current. The hydrodynamic

resistance R is de�ned by the Equation 1.4 [30].

∆p = R Q, with R =
8µL

π r4
(1.4)

The resistance of the channel is linear with the dynamic viscosity and small

changes in the hydrodynamic diameter signi�cantly a�ects the hydrodynamic

resistance. This consideration is examined in detail in Chapter 6, where some

measures of microchannel resistance are described.

It must be speci�ed that all these considerations are valid for a laminar �ow, that

occurs when all the path lines of a �uid are parallel. To de�ne if a �ow inside a

channel is laminar or turbulent, it is normally used a dimensionless parameter,

Reynolds number Re:

Re =
ρ v L

µ
=

[inertia forces]

[viscous forces]
(1.5)
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where ρ is the �uid density, µ the dynamic viscosity, v the velocity and L the

typical length scale (for instance the channel diameter). In particular, Re relates

inertia to viscous forces and considering a �ow into circular pipe, it was experi-

mentally found that when Re< 3000, the �ow is laminar [29]. In micro�uidics, a

typical dimension channel (about 100 mm) �lls of water (ρ=1000 Kg/m3, µ=10−3

Pa s) which moves at velocity of a few mm/s, shows a Re of about 0.1.

The laminar �ow in micro�uidic systems, allows to control in a very precise way

the �uids inside the channels. This is the main characteristic that pushes mi-

cro�uidics to several application in biological, chemical and engineering �elds.

Nevertheless, at the same time, it is also the cause of one of the most important

problems: the mixing of di�erent �uids inside the channel. As a matter of fact,

two �uids which �ux in parallel can mix together only by standard di�usion at

the interface, where usual di�usion coe�cients have an order of magnitude of

10−6 cm2 /s [31]. With a typical �ow rate of about 1 mm/s, the complete mix-

ing is reached after tens centimeters scale. This problem can be overcomed by

inserting suitable obstacles inside the channels, introducing turbulence [32] or by

using droplet micro�uidic strategies [33].

1.3 Interfacial phenomena

The surface-to-volume ratio is much higher (by several orders of magnitude) in

microsystems, rather than in decimetric systems. This implies that interfaces play

a crucial role with respect to "bulk" systems, also referred as systems of "ordi-

nary" size. In this section, some quantity and phenomena occurring at interfaces

are presented, like the surface tension and the Plateau-Rayleigh instability. These

are crucial for the analysis of experimental situations shown in this thesis.

1.3.1 Surface tension and Laplace's law

It is well know that, the surface tension is an energy density associated with any

surface, usually indicated by the symbol γ and measured in J/m2 or N/m [30].

In detail, the energy of an interface (Gibbs energy, G) is given by this surface

energy multiplied by the area A of the interface itself:

γ = (
δG

δA
)p,T (1.6)
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where the partial derivative is calculated at �xed pressure p and temperature

T . The physical origin of γ can be explained considering the intramolecular forces

of two surfaces in contact in vacuum: to detach them it is necessary to apply an

energy of E = 2 γ. Another way to explain the surface tension is considering that

the atoms or molecules which constitute an interface are not coordinated as those

inside a massive material [34]. Taking into account a liquid contained in an open

container, most of the part of its molecules are surrounded by other molecules

that, on average, are distributed symmetrically, so that the forces applied have

zero resultant. This is not true for the molecules on the surface, because they can

interact only with the molecules underlying, at least by neglecting interactions

with air and container. Therefore, the resultant of the forces is di�erent from

zero and it is directed inside the liquid, as shown in Figure 1.2. As a result the

surfaces are like elastic membranes. To give an idea, the order of magnitude

of the surface energies for metal/air interface is about 500 mJ/m2, while for an

oil/air or te�on/air interface it is about 20 mJ/m2. For the water/air interface,

notably the most important interface in this thesis, γ is 73 mJ/m2.

Figure 1.2: Scheme of the interacting forces at liquid/gas interface, which is represented
by the black top line.

Additionally, the surface tension regulates the dynamics related to the shape

of a liquid/air meniscus. In particular, Laplace's Law demonstrates that, in order

to maintain a curved interface in mechanical equilibrium, it is necessary to exert

a pressure P at the interface proportional to γ:

P = γ

(
1

R1

+
1

R2

)
(1.7)

whereR1 andR2 are the two radii of principal curvature of the surface depicted

in three dimensions [30].
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1.3.2 Capillary number and capillary length

Since the typical size of a micro�uidic channel is of the order of few tens of

microns, up to hundreds of microns, another phenomenon to take into account in

micro�uidic scales, is the capillarity. The capillary number Ca is a dimensionless

number used to compare the viscous forces with the surface tension γ, and is

de�ned as:

Ca =
µU

γ
=

[viscous forces]

[interfacial tension]
(1.8)

where µ and U are the viscosity and the velocity of the liquid, respectively.

In microdevices, the capillary number is small, meaning that capillary e�ects

tend to dominate over the viscous e�ects. However, this estimation is not always

acceptable. For example, generation of droplets in micro�uidic closed channels,

is usually performed by adding surfactants to reduce γ and stabilize the droplets

against coalescence. This implies an increase of the contribution of the viscous

forces. As a matter of fact, it is possible to observe a dependence of the droplet

formation regime from the capillary number [35].

Another important dimensionless number in microsystems is the capillary

length κ−1, beyond which the gravity becomes important [34]. It compares the

Laplace pressure (written as γ/κ−1) with the hydrostatic pressure ρgκ−1 at a

depth κ−1 in a liquid of density ρ and submitted to gravity g:

κ−1 =

√
γ

ρg
(1.9)

The distance κ−1 is generally of the order of a few mm (for water it is about

2.7 mm). Therefore, considering a droplet placed on a surface and keeping r as

its radius, gravity is negligible and capillary e�ects dominate for sizes r < κ−1.

While for r > κ−1 the system is a�ected by gravity.
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Figure 1.3: Ripples of wavelength λ on the surface of a thin liquid �lm, having average
thickness e0 and variation of δe. Dashed line represents the average position of the
liquid's surface [34].

1.3.3 Horizontal liquid �lms

Considering a liquid �lm placed on a horizontal substrate and supposing that the

free upper surface has been perturbed, for example with air �ow, it should be

possible to observe some waves on it, as shown in Figure 1.3. This perturbation

will disappear in a certain time, under the combination of gravity e�ects and

the surface tension [34] . In particular, the �uid tends to �ow from crests to

troughs because of its weight, for gravity e�ect and for the di�erent Laplace

pressure, in case of surface tension. If we are interested on the main contribution,

it has to be considered the wavelength of the perturbation: if the ripples have

short wavelength (λ<κ−1), surface tension is the dominant factor, while in the

opposite case, gravity is the main force responsible of the system evolution. For

λ<κ−1, the ripples are also called capillary waves, a concept that will prove

relevant for explaining some results described in Chapter 4.

Plateau-Rayleigh Instability

In the previous case the instability on a �at surface, caused by an external agent

was considered. Let us take into consideration a �ber (e.g. hair with a typical

diameter of 100 mm) wetted by a liquid. Condensing more liquid on the �ber,

the system develops some instabilities and in particular it forms a wavy pro�le,

as shown in Figure 1.4. The wave-like structure keeps on growing in amplitude

until it eventually breaks up into a necklace of droplets. The pressure within the

hairy �lm includes both hydrostatic (Ph) and Laplace (PL) contributions:

Ph = ρ g R , PL =
γ

R
, with R = b+ e0 (1.10)
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Figure 1.4: a) Liquid �lm on �ber before and after the destabilization. b) Necklace of
droplets resulting from the instability of a liquid �lm on a �ber with radius of 100 mm.

where b is the �ber radius and e0 the initial thickness of the liquid �lm, as shown

in Figure 1.4a. A dimensionless parameter, known as the Bond number Bo, can

be used to compare the two pressures:

Bo = κ2R2 =
ρgR2

γ
=

[body pressure]

[interfacial pressure]
(1.11)

For a liquid cylinder ≈100 mm in diameter, Bo is about 0.01 and the gravity

is clearly negligible.

These types of instabilities, where the liquid �lm changes the shape following

a stimulus, are known in literature as morphological transitions [19]. Working

with droplets on open micro�uidic devices, interfacial tension e�ects are dom-

inant. Therefore, motivated both by practical applications and by fundamen-

tal questions, interfacial shapes and instabilities of small liquid droplets wetting

chemically or topographically structured surfaces have been widely studied in re-

cent years. As a matter of fact, they can be utilized to control small amounts of

liquid passively, by speci�cally designed wettability patterns [17,19,36] or surface

topographies [18]. It has also been demonstrated in electrowetting experiments

that morphological transitions of droplets can be utilized to actuate liquids in

micro�uidic applications [37�39]. Moreover, condensation experiments on hy-



26

Figure 1.5: Droplet on a �at surface with a static contact angle θ resulting from the
balance between γSG, γSL and γLG, which are the surface tensions of solid-gas, solid-
liquid and liquid-gas interfaces, respectively.

drophilic stripes reported a transition between a liquid �lament with a homoge-

neous cylindrical cross section and a �at �lament with a single bulge located in

the center of the rectangular domain [19]. In Chapter 4 an extensive experimental

and numerical work on this transition is presented.

1.4 Wetting

Speaking about surface phenomena, it is not possible take no notice of the wetting

that concerns the behavior of the contact line between a liquid and a surface.

Considering a droplet placed on a surface, as shown in Figure 1.5, there are

three interfaces in the system: i) solid/gas, ii) liquid/solid and iii) liquid/air. On

each of these interfaces there is an associated surface energy γSG, γSL and γLG,

respectively. Generally they can be related each other by the Young's equation

[40]:

γSG − γSL = γLG cos θY (1.12)

where the static contact angle θY is the results of the balance between the three

surface tensions and it is the angle shown from a droplet pro�le in proximity of the

contact line, see Figure 1.5. If the liquid is water, the surface is called hydrophilic

when 10°<θY<90°, or hydrophobic when 90°<θY<150°, superhydrophilic when

θY ≤10° and superhydrophobic when θY ≥150°.
All the experimental contact angle values presented in this thesis have been mea-

sured by a homemade apparatus described in Appendix A and are indicated with

the symbol θ.
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1.4.1 Wetting on heterogeneous surfaces

Real surfaces are usually heterogeneous both chemically and topologically. On

rough surfaces the local contact angle may change from one point to another.

To understand the relation between the apparent macroscopic contact angle θ∗

and Young contact angle θY of a surface, two models can be considered: the

Wenzel [41] and Cassie-Baxter [42] models.

Wenzel model. It is used to understand the in�uence of a physical roughness

on a surface, when it is completely wetted (see Figure 1.6a). The apparent contact

angle θ∗ can be described as:

cos θ∗ = r cos θY (1.13)

where θY is the Young contact angle and r the roughness of the surface (r>1).

This last parameter always magni�es the original wetting proprieties: if θY<90°

(hydrophilic), it will have θ∗< θY , likewise if θY>90° (hydrophobic), it will have

θ∗>θY .

Cassie-Baxter model. It can be applied for �at but chemically heterogeneous

surfaces. Considering a surface composed by two species, each characterized by its

own contact angles θ1 and θ2. The surface fraction occupied by the two species are

de�ned as f1 and f2, therefore f1+f2=1, as shown in Figure 1.6b. The apparent

contact angle θ∗ can be described as:

cos θ∗ = f1 cos θ1 + f2 cos θ2 (1.14)

Therefore, θ∗ is indeed restricted to the interval θ1 ÷ θ2.

A particular case is when one of the species is air. This is common working with

rough surfaces, where air can be trapped between the liquid and the surfaceas,

as shown in Figure 1.6c. In this case the Cassie-Baxter equation is:

cos θ∗ = rf · cos θY + f − 1 (1.15)

where f is the fraction of wetted area and r is the roughness ratio of the wetted

area. This is the case of superhydrophobic surfaces [34], where the water droplets

are not able to wet completely the surface. This behavior is due to the presence
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Figure 1.6: Scheme of Wenzel and Cassie-Baxter models: di�erent colors represent
di�erent static contact angles. a) Scheme of roughness surface related to Wenzel state.
Scheme of surfaces related to Cassie-Baxter state: b) in cases of �at, but chemically
patterned and c) roughness substrate. This last particular case is used to explain the
superhydrophobicity.

of micro- and nano-structures on the surface. The most common example of

superhydrophobic surface in nature, is the lotus leaf, famous for the self-cleaning

propriety [43]. In this condition the droplet shows a very weak adhesive force on

the surface.

1.4.2 Pinning of the contact line

When the water/air meniscus �nds a defect, it can stay blocked on it until a

critical value of the contact angle is reached. This behavior is predicted by the

Gibbs criteria, described in Figure 1.7 and from the below Equation 1.16:

θmax = θY + (180− φ), (1.16)

where θmax and θY are the critical contact angle and the Young contact angle,

respectively and φ is the aperture of the defect.

Roughness, wettability and pinning are three of the most important parameters

Figure 1.7: Pinning on a structure with corner angle φ. θmax is the maximum contact
angle predicted by the Gibbs criteria.
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to control the droplets motion in open micro�uidic devices. Indeed, to do that

it is essential to know the physical and chemical proprieties of the surfaces. In

Chapter 3 we will present a work with the aim to investigated the pinning of the

contact line of a water droplet placed on pillars having di�erent geometry and

wettability properties.

The pinning e�ect can be observed also in closed patterned microchannels [44�46].

As a matter of fact, obstacles and defects in microchannels can induce the pinning

of the liquid/air meniscus and this represents a very delicate aspect for their

�lling. For this reason, in recent years the �lling of microchannels patterned with

posts or ridges has been the subject of intense studies. For example, di�erent

geometric patterns inside microchannels have been analyzed by simulations based

on the algorithm of the Lattice-Bolzman by Yeomans et al. [44]. In this article

they show how the capillary �lling of hydrophilic microchannels is a�ected by

posts on the sides of the channels. Figure 1.8 summarizes their results: θY is the

static contact angle of the channel border, θp is the pinning contact angle and α is

the characteristic post angle. Considering rectangular and isosceles triangle posts,

the pinning condition is preserved for θp<θY and θY<90°-α/2, respectively (Figure

1.8a,b). While, in the case of asymmetric triangles the behavior depends from the

�ow direction: the pinning is observed only for meniscus which moves from right

to left, at the condition of 45°<θY<90°-α/2. Moreover, the simulations reported

Figure 1.8: Pinning of the contact line during capillary �lling when the top wall is
patterned with a) squares, b) triangles and c) ratchets. θY and θp are the static and
the pinning contact angles, respectively [44].
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Figure 1.9: Simulations of pinning in hydrophilic (top) and hydrophobic (bottom)
channels, with liquid �owing from left to right [47].

in Figure 1.9 compare the pinning di�erence between hydrophilic and hydrophobic

channels [47]. In the hydrophilic case the meniscus follows the channel border,

while in the hydrophobic, it increases the curvature until to collapse.

Despite a rich literature of numerical simulation results, until now, the pinning

in microchannels has not been analyzed quantitatively from the experimental

point of view. Therefore, we started to observe the behavior of a water/air

meniscus moving in patterned microchannels and some results are described in

the Appendix B.

1.4.3 Contact angles on inclined surfaces

When the surface is inclined with a slope angle α, water droplet looses the sym-

metric shape [20]. The front assumes a blunt shape and the rear becomes thinner.

The contact angles are no longer equal and are therefore distinguished in advanc-

ing contact angle (θA) and receding contact angle (θR), respectively, as shown

in Figure 1.10. As the surface inclination increases, the advancing contact angle

Figure 1.10: Droplet on a plane inclined of α, which shows the advancing θA and the
receding θR contact angles.
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increases, while the receding contact angle decreases. As a consequence, the con-

tact angle hysteresis (∆θ = θA − θR) increases. For small inclinations, a droplet

can remain at rest because the adhesion to the surface is stronger than the grav-

itational force: this occurs for α lower than a critical angle called sliding angle

αS. Sliding angle (αS) and contact angle hysteresis are related together by the

equation [48]:

mg sinαS
w

= γLG(cos θR,s − cos θA,s) (1.17)

wherem and w are the weight and the width of the drop, g is the gravitational

acceleration and θA,s and θR,s are advancing and receding critical contact angles

in the limit of zero velocity. Equation 1.17 holds also for α>αs, if θA,s and θR,s

are respectively replaced by θA and θR assumed for such surface inclination.

Sliding droplets on inclined plane are subject to three forces [49]:

� gravitational pull along the plane, of the order of ρV g sinα;

� viscous drag on the surface, of the order of −ηUV 1/3;

� interfacial forces, of the order of −γV 1/3∆θ.

where ρ and η are the droplet density and viscosity, respectively, γ is the surface

tension between the droplet and the �uid which surrounds it, V and U are the

droplet volume and velocity, respectively, α is the plate inclination and ∆θ is

a non dimensional factor depending on the contact angle distribution along the

contact line and on the perimeter shape.

Initial motion can be either, accelerated or kept at constant velocity, depending

on many surface properties, such as: chemical composition, surface roughness or

a�nity with water [50]. However the process is dissipative in the sense that after

a transient phase, forces balance, and the droplet reaches a steady state with a

constant velocity and almost a constant shape [51�53].

Force balance implies a scaling law of the form:

Ca ' Boα −Boc, with Boα = Bo sinα (1.18)

where Ca is the capillary number, Boα is the e�ective Bond number based on the

component of gravity parallel to the plane and Boc is a constant depending on
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∆θ. An estimation of terminal velocity can be found by means of computational

simulations, containing also predictions about droplet contact line and pro�le

shape [52,54].

These studies are very interesting for possible applications in open micro�uidic

devices, where droplets are moved on open surfaces. Taking inspiration from

them, we realized a study of sliding water droplets on inclined surfaces having a

regular chemical pattern. Experimental results are shown in Chapter 5.

1.5 Droplet micro�uidics

Two-phase �ow is generated when two immiscible �uids are put into contact. In

comparison with the single phase �ow, it adds a new degree of complexity to the

system, but at the same time it o�ers many advantages related to applications

in chemistry and biology. For example, high-throughput DNA sequencing [55],

synthesis of polymer particles controlling their size and shape on the micrometer

scale [56] or the production of highly gel emulsions and foams [57].

The two-phase �ow properties in micro-devices are tied on three groups of pa-

rameters: the channel geometry, the �uid properties and the �ow conditions.

The key of the droplet-based micro�uidics is the control of the two-phase �ow in

a micro�uidic device in order to produce and manage discrete volumes of �uids.

In the most common situation there are two phases: the dispersed and the con-

tinuous phases. The �rst forms the droplets and the second carries the droplets

downstream. Moreover, the continuous phase wets the channel borders and pre-

vents that the dispersed phase interacts with them. In the case of a hydrophobic

channel, water is the dispersed �uid and an organic phase, usually called "oil",

constitutes to the continuous phase: this is the so called W/O condition, that

means Water-in-Oil droplets. Vice versa O/W condition (Oil-in-Water droplets)

is obtained when the channels are hydrophilic.

As a subcategory of micro�uidics, droplet micro�uidic inherits the same features

of standard micro�uidics, but presents also new dynamic problems. First of all,

micro�uidic devices operate at low Reynolds numbers that assure a laminar �ow.

In droplet micro�uidics the presence of interfacial tension, deformable interfaces

and the complexity of singular events as droplets merging or splitting, introduce

elements of instability and nonlinearity, not present in standard micro�uidics [58].
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The proof of that, it is the presence of di�erent regimes that can appear in the

same channel, upon varying the �ow parameters in the experiments. In the tran-

sition from one regime to the other, small changes in the conditions produce great

di�erences on the output: this is a typical example of instability [2]. The presence

of instabilities does not enable to predict the system behavior in an easy way, but

despite that, the experimental droplet production is possible also in controlled

and reproducible manner [2]. Stability droplet production means especially to ob-

tain droplets with constant size and frequency. As a matter of fact, these are the

capital proprieties for potential applications in chemistry, biology and material

science.

1.5.1 Droplet generators

Direct agitation of immiscible �uids produces the traditional top-down method

of droplet production or emulsion, but it causes a broad size droplet distribu-

tion [12]. On the other hand, geometry constraints of devices have shown to

generate highly monodispersed droplets with size variation smaller than 2% [59].

The three main methods to produce droplets in channels are: i) Co-�owing sys-

tem, ii) T-junction and iii) Flow-focusing devices. In all of these cases, the

dispersed phase is injected in the device where it comes in contact with the con-

tinuous phase that is independently driven. The junction zone is particularly

important, its design should optimize the reproducibility of droplet production.

The shape of the channel in�uences the local �ow �eld, that can deform the in-

terface causing the droplet break-up. The size of the droplet is the result of the

competition between the viscous shear stress and the pressure of the external �ow

on the one hand and the capillary pressure resisting deformation on the other [2].

The frequency is related to the volumetric �ow rate of the dispersed �uid. Usu-

ally T-junction devices are exploited to produce droplets with low frequency rate

(1Hz÷ 1kHz), while Flow Focusing devices are used for high frequency rate

(1kHz÷ 10kHz). Let us now resume the main features of these methods.
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Co-�owing system. As it can be seen in Figure 1.11 this con�guration is

obtained using two concentric capillaries: the dispersed phase is injected via a

needle into another co-�owing immiscible �uid. This geometry was �rst proposed

by Cramer et al. in 2004 [35]. With this set up two di�erent regimes are distin-

guished: dripping and jetting. In the former, droplets are generated close to the

capillary (Figure 1.12a), while in the latter they break-up downstream from an

extended liquid jet (Figure 1.12b).

wout

win

dispersed phase

continuous phase

Figure 1.11: Droplet production in a co-�owing geometry [2]. Win and Wout are the
diameters of the capillaries which transport the dispersed and the continuous phase,
respectively.

Figure 1.12: Two di�erent regimes of droplet break-up in a co-�owing con�guration:
a) dripping and b) jetting [35].
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T-junction. A typical example of T-junction is shown in Figure 1.13. It was

�rst proposed by Thorsen et al. [58] and it consists in two perpendicular channels,

one for each phase, forming a T-shaped junction. With this junction three dif-

ferent regimes can be generally obtained, as shown in Figures 1.14: i) squeezing,

ii) dripping and iii) jetting. The �rst regime occurs when the dispersed phase

obstructs the channel as the droplet grows, thus restricting the �ow of the con-

tinuous phase. This restriction produces an increase of the dynamic pressure

upstream of the droplets, that generates a force, necking the interface and pinch-

ing o� the droplets [2]. In the dripping regime, droplets break up when the shear

stress overcomes the interfacial tension. Finally, the jetting regime occurs when

both phases (oil and water) have high velocities and they appear as stable parallel

�owing streams. In this con�guration droplets are formed by the instability at

the �at interface and their size is not controlled. As this junction is the one used

in this thesis, a more detailed description of the T-junction can be found in the

following section.

Figure 1.13: Example of a T-junction device [2].

Figure 1.14: Droplet formation mode in a T-junction device: a) Squeezing, b) Dripping,
c) Jetting [60].



36

Flow-focusing device. As shown in Figure 1.15, in this kind of geometry the

dispersed phase is squeezed by two opposite streaming �ows of the continuous

phase. The �ow-focusing device was �rst proposed by Anna et al. [61] where both

monodisperse and polydisperse emulsions were produced. The large number of

possible con�gurations does not allow the development of simple scaling laws.

Four main regimes can be identi�ed: i) squeezing, ii) dripping, iii) jetting and iv)

thread formation.

Figure 1.15: Example of droplet production in a �ow focusing device. w0, w1 and w are
the channel widths, which transport continuous phase, dispersed phase and droplets,
respectively. The ratio between them and the aperture D can be changed obtaining
di�erent droplet sizes [2].

1.5.2 Droplet formation in a T-junction device

One of the most common methods to produce droplets is the T-junction device,

mainly because of using that, the droplet formation is periodic and regular over

a wide range of �ow rates. The break-up of droplets strongly in�uences their

�nal size and several numerical [62�64] and experimental studies [65, 66] discuss

models of the pinch-o� mechanism, analysing the strength of the forces involved.

In general the process of droplet formation is characterized by the competition

between the local �uid shear stress τ acting to deform the interface and the

Laplace's pressure ∆p, which resists to that deformation, as shown in Figure

1.16. The viscous stress τ due to the continuous phase can be estimated by the

product of the viscosity µc with the the average velocity uc of the continuous �uid
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divided by the width wc, so that:

τ =
µc ·Qc

h · w2
c

, with Qc = uchwc (1.19)

where h is the depth of the channel. The Laplace pressure at the interface is

proportional to the local curvature and in this case can be written as

∆p ≈ 2γ

r
(1.20)

being r the characteristic radius of curvature of the liquid-liquid interface.

The most important dimensionless number involved in the breaking process is the

capillary number Ca. Indeed for T-junction, it describes the relative magnitude

of these two forces and can be written as:

Ca =
µcQc

γ wc h
, (1.21)

where γ is the surface tension between the continuous and the discontinuous

phases.

If wd is the width of the dispersed-channel, there is a �rst classi�cation of the

process related to the channel width ratio Λ = wd/wc: when Λ < 1/5 the emerging

droplets do not interact with the downstream microchannel walls and remain

uncon�ned by the channel [5]. In this con�guration the dependence of the droplet

size on the dispersed phase �ow rate is less consistent and it should depend solely

on the capillary number. When Λ ≥ 1/2 or Λ ∼ 1 the emerging droplet is

Figure 1.16: Scheme of droplet break-up in a T-junction. wc and wd are the channel
widths, which transport continuous and dispersed phases, respectively; τ is the shear
stress applied, r is the radius of curvature of the droplet during the break-up, b is the
length of the liquid �lm between droplet and channel wall and ε is the relative thickness.
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in�uenced by the con�nement within the microchannel. The obstruction of the

channel by the droplet gives an additional force FR exerting on the interface

due to the increasing resistance of the continuous �ow in the region between the

droplet and the wall [66]. FR scales width ε−2 being ε the distance between the

droplet and the channel wall (see Figure 1.16) and causes a di�erence of pressure:

∆PR ≈
µcQcwc
h2 ε2

, (1.22)

that is the Hagen-Poiseuille pressure for a typical �lm of thickness ε and of length

b ∼ wc. The corresponding force acting on the droplet is

FR = ∆PR wc h ≈
µcQcw

2
c

h ε2
(1.23)

Depending on Ca, two regimes can be found: the squeezing regime when FR > Fτ

(ε� wc) and the dripping regime when ε ∼ wc and the droplets pinch o� before

obstructing the channel because the shear stress is comparable and acts deforming

the droplet. The transition from the two regimes is found at a critical capillary

number Ca∗ ≈ 0.015 [65].

1.5.3 Droplets transport

After that a droplet breaks up, it is carried downstream by the oil. If the droplet

diameter is larger than the channel diameter, the droplet shape is determined by

both surface tension, acting to minimize the surface, and geometry constraints.

For a circular channel the plug assumes a circular cross section with a �lm of oil

of constant thickness wetting the walls. If the channel has a rectangular cross

section, this thickness in not constant and the oil �lls the corners like in Figure

1.17. The presence of oil prevents the direct contact between plugs and walls.

Both experiments [67] and numerical simulations [68] con�rm that the thickness

which separates droplets from the walls, is of the order of 1%÷5% of the channel's

radius. The oil layer in�uences also the velocity of the droplet along the channel:

in circular channels the droplet moves faster than the oil [67], while in rectangular

channels it moves slower than the carrier �uid. Usually the velocity di�erence is

below 6%. [69].
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Figure 1.17: Typical shape of a droplet in a micro�uidic circular and square channels
from front and cross section perspectives, where h is the continuous phase �lm in the
circular case and H and W are the geometric channel parameters [2].

Another important feature of con�ned droplets is related to the fast self mixing

induced inside the droplet volume and the possibility of droplet handling by active

or passive methods. The mixing inside of micro-droplets can be tuned directed

by channel geometry, inducing internal vortex circulation, as shown in Figure

1.18a [33]. Many e�orts are aimed to manipulate the droplets and in the recent

years several interesting methods were proposed, for example to merge [70] or

to split droplets [71] using suitable obstacles in micro�uidic devices (see Figure

1.18b,c).

Figure 1.18: Examples of micro�uidic devices produced a) to mix the liquid inside
droplets, b) to merge di�erent droplets and c) to split one droplet in two smaller.
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Chapter 2
Microfabrication techniques

To study the interfacial phenomena described in Chapter 1, the realization of

samples with di�erent wetting and geometry proprieties is fundamental. Since

the second half of the last century several microfabrication techniques were de-

veloped for various applications (e.g. microelectronics, sensing, micromechan-

ics, etc.).This Chapter describes the microfabrication techniques used during the

PhD, which are also the most important for micro�uidic applications. These

techniques are generally introduced, while the details for every sample produced

will be illustrated in following Chapters.
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2.1 Introduction

The devices described in this thesis are made using a double step approach.

First, a master piece is produced using two di�erent techniques: micro-EDM and

photolithography. This master is then replicated to obtain the �nal structure

using soft-lithography. The micro-EDM is an electro-mechanical technique, while

photo- and soft- lithography are two common lithographic techniques normally

used to create di�erent kinds of patterned surfaces.

To better understand the microfabrication processes described in the experiment

sections, these three techniques are fully introduced in this Chapter.

2.2 Micro Electrical Discharge Machining (micro-

EDM)

Electric discharge machining (EDM) is a manufacturing process, where a desired

shape is obtained using electrical discharges. Micro-EDM is a technological de-

velopment of this technique, which allows working on micrometer scales.

The origin of EDM is dated back to the �rst years of the last century, inspired by

the behavior of a lightning striking a conductive material: this is a form of natural

EDM [72]. During the 1930s, for the �rst time attempts were made to machine

metals and diamonds with electrical discharge. V.E. Matulaitis and H.V. Harding

of Elox (USA) developed the �Disintegrators� to remove broken taps from valu-

able workpiece materials: the erosion was created by intermittent arc discharges

occurring in air between the tool electrode and the workpiece connected to a DC

power supply. During World War II two physicists B.R. and N.I. Lazarenko in

Moscow conducted studies on the minimisation of wear on electric power con-

tacts. They tested di�erent materials with discharges of de�ned energy. This

started the development of Electrical Discharge Machining (EDM), using con-

trolled discharge conditions, for achieving precision machining. Figure 2.1 shows

the modern concept of EDM. Pulsed arc discharges occur in the �gap� between

tool electrode and workpiece. The gap is �lled with an insulating medium, prefer-

ably a dielectric liquid like hydrocarbon oil or de-ionized water. The ignition of

the discharge is initiated by a high voltage, overcoming the dielectric breakdown

strength of the small gap. A channel of plasma is formed between the electrodes
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Figure 2.1: Concept of standard EDM [72].

and develops further with discharge duration. As a result, a small crater is gen-

erated both on the tool electrode and workpiece surfaces. Removed materials are

cooled and resolidi�ed in the dielectric liquid forming several hundreds of spher-

ical debris particles, which are then �ushed away from the gap by the dielectric

�ow. At the end of the discharge period, the temperature of the plasma and the

electrode surfaces rapidly decreases. To obtain stable conditions in EDM, it is

essential that the next pulse discharge occurs at a spot distanced su�ciently far

away from the previous discharge location.

In recent years, several developments in EDM were studied for the production

of microstructures. One of these developments brought to the micro-Electrical

Discharge Machining (or micro-EDM) [73]. In particular, current micro-EDM

technology can be categorized into four di�erent types:

1. Micro-wire EDM: a small wire of diameter 0.02 mm is used to cut through

a conductive workpiece;

2. Die-sinking micro-EDM, an electrode with micro-features is employed to

produce mirror image on the workpiece;

3. Micro-EDM drilling, micro-electrodes (diameter of 5-10 mm) are used to

drill micro holes on workpiece;

4. Micro-EDM milling, micro-electrodes (diameter of 5-10 mm) are employed

to produce 3D cavities by adopting a movement strategy similar to the

conventional milling.

These new strategies of microfabrication all use the same principle of the

standard EDM, as shown in Figure 2.2: a potential di�erence applied between
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Figure 2.2: micro-EDM process mechanism [74].

the tool and the workpiece creates plasma which melts the surface of the material

and the resulting debris are removed by the dielectric �ow [74]. At variance with

the standard EDM, here energy discharges are less than 100 mJ (typically of 0.1-

1 mJ), in order to reduce the material removal and to increase the quality of

the �nal piece. The tools for micro-EDM require high heat conductivity, high

melting point and boiling point. For these reasons tungsten is the predominant

tool material. An important role during the process, is the di�erent polarization

applied between the electrode and the workpiece. By appling a positive potential

to the tool, a higher dissipation of energy is observed on it and the carbon released

by the discharge is pushed to deposit on it. In this way, the thin layer of carbon

protects the electrode during the plasma, which therefore will wear less than the

workpiece. Anyway, as the tool is damaged during the process it is important to

have a control system to balance the erosion. An example of the capability of

the micro-EDM is fully exploited in the machining of a complex Chinese pagoda

reported in Figure 2.3.

Figure 2.3: Pagoda machined by micro wire EDM [74].
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2.3 Lithography

The word lithography, which derives from Greek words stone [lithos] and to write

[graphein], refers to a process invented by Aloys Senefelder in 1796 [75]. He

was a German actor and playwrighter who decided to print himself his plays.

He found that stone (he used Bavarian limestone), when properly inked and

treated with chemicals, could transfer a carved image onto paper. Due to the

chemical treatment of the stone, image and nonimage areas became oil receptive

(water repellent) and oil repellent (water receptive) respectively, attractiving ink

onto the image area and attracting water on nonimage areas. This was the

�rst lithographic process in the printing history. Nowadays, lithography is the

most important technique for fabricating microscale structures. It is divided into

photolithography, electron lithography, X-ray lithography, ion lithography and

the most recent soft-lithography.

In next sections the attention will be focused on photo- and soft-lithography,

which are the main techniques used in this thesis.

2.4 Photolithography

Photolithography [75] is a lithography technique that uses UV-radiation to trans-

fer a geometric pattern from a photomask to a light-sensitive chemical photore-

sist (or resist) on the substrate. The father of the photolithography is Nicéphore

Niépe, who in 1822 obtained the �rst image drawn by the light. He covered a

copper substrate with a mixture of bitumen dissolved in oil and, after some hours

of exposure under the sunlight, the exposed part hardened compared to the unex-

posed part, which remained soluble and could be washed away. Now we can call

Niépe's mixture "negative photoresist". Despite the so old origin, photolithogra-

phy found an application only after the Second World War, with the �rst printed

circuit boards. During the second part of the 20th century, the development of

photolithography increased the performances and reduced the costs in the elec-

tronic industries. In 1965 Gordon Moore, co-founder of Intel, observed that in

the period between 1959-1965 the electronic components composed a chip, dupli-

cated every year. Therefore, he assumed that the performance of microprocessors

would be duplicated every 18 months. Today this prediction is known as the �rst
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Figure 2.4: Plot of CPU transistor counts against dates of introduction. Note the
logarithmic vertical scale; the line corresponds to exponential growth with transistor
count doubling every two years.

Moore's law and it was quite well satis�ed, as it is possible to observe from Figure

2.4.

The modern photolithography consists in a multi step procedure summarized

in Figure 2.5: 1) Photoresist deposition, 2) Pre exposure bake (or soft-bake), 3)

Exposure, 4) Post exposure bake, 5) Development.

1) Photoresist deposition

Photoresist is deposited on a cleaned substrate (usually a silicon wafer) by spin-

coating to obtain a homogeneous �lm. The resulting polymer thickness, T , is

directly proportional to the solution concentration, the viscosity and inversed

proportional to the spin speed. Unlucky, the expression which relates all these

parameters must be deduced only empirically. The cleanness of the substrate is

very important for the quality of the polymer �lm [75]. To clean the wafer two dif-

ferent approaches are normally used: oxygen plasma or strong acid solution, also
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Figure 2.5: Steps of photolithographic process.

calls Piranha solution. This is a mixture of sulfuric acid (H2SO4) and hydrogen

peroxide (H2O2), that removes organic matter and hydroxylated, or activated,

the silicon surface.

2) Pre exposure bake (or soft-bake)

To remove the solvent that is still contained in the photoresist after the spin

coating and to promote the adhesion between polymer and substrate, the sample

is baked at 60-100°C for few minutes (5-15min). The exact parameters depend

on the type of photoresist.

3) Exposure

The �lm of photoresist is exposed by an UV-radiation through a mask, which

presents transparent and opaque parts. If we are working with a Negative pho-

toresist (for example the SU-8), the radiation promotes the random cross-linkage

of the chains of the polymer and only the areas exposed will reticulate. The

unexposed part could be easily removed by an appropriate solvent. Conversely

with a Positive resist (for example the MicropositTM and PMMA), the radiation

induces the weakening or the braking of the polymer chains; therefore, the ex-

posed areas will be removable, while the unexposed ones remains attached to the

silicon wafer. The wavelengths of the light used in photolithography depend on
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the characteristic of photoresist. After the exposure step it is possible to observe

a latent image of the mask on the surface of the photoresist.

During the exposure step, the quality of the mask plays a crucial role. To ob-

tain the best resolution, the masks are usually composed by a quartz plate which

is transparent to deep UV, covered with an adsorber metal pattern, normally a

chromium layer of tens nanometer. If it is not necessary to achieve high resolu-

tions, it is possible to use a dark pattern printed by common laser printers on a

standard transparent acetate sheet. There are di�erent methods for interfacing

the photoresist �lm with the mask: i) contact printing, ii) proximity printing

and iii) projection printing. In the �rst case the mask and the �lm are put into

contact, while in the second case a gap of about 10 mm is left between the two

surfaces. Projection printing uses optics to demagnify images: in this case the

feature resolution on the imaged wafer can be even �ner than the resolution of the

mask. Using both contact and proximity arrangements of mask and substrate,

the resolution limit depends on various factors. These include the di�raction of

the light at the edge of an opaque feature, the alignment of substrate respect to

the mask, the not perfect �atness of the �lm and the dirty particles between mask

and substrate. If we consider a periodic grating made of opaque and transparent

stripes of equal width, b (see Figure 2.6), the theoretical resolution R, is given

by:

R = bmin =
3

2

√
λ(s+

z

2
) (2.1)

Where bmin is the minimum feature size transferable, s is the gap between the

mask and the photoresist, λ is the radiation wavelength and z is the photoresist

thickness. From this equation it is possible to observe that, smaller is the wave-

length and the thickness of the �lm, higher is the possible resolution and that

the contact printing, where s=0, should give higher resolution than the proxim-

ity printing. However, as the contact between the polymer and the mask could

cause mask damage or contamination, sometimes it is better to avoid working in

contact mode.
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Figure 2.6: Photolithography with a grating mask having period b and placed at
distance s from the resist [75].

4) Post exposure bake

The post exposure bake is usually necessary to complete the polymerization re-

actions initiated during the exposure. The �rst step of the reactions induced by

the radiation takes place at room temperature and their rate is increased by a

baking at about 100°C.

5) Development

Development procedure is a selective dissolving process where parts of unpoly-

merized resist are washed away. Therefore the developer transforms the latent

image formed during the exposure into a relief image. Positive photoresist are

typically developed in aqueous alkaline solutions and negative resists in organic

ones.

2.4.1 Clean Room

One of the most important parameter to control is the cleanness, not only of

the substrate, but also of the work environment and facilities. Normally, all the

step of the photolithography take place inside a Clean Room, which is a special

area that is controlled with respect to the airborne particulates, temperature,

air pressure, humidity, vibration and lighting. There are di�erent kinds of clean

rooms, which are classi�ed according to the number of particles per cubic meter

at a speci�ed particle size. To have an idea, a normal urban environment contains

35,000,000 particles per cubic meter of about 0.5 mm and larger, corresponding

to an ISO 9 clean room, while an ISO 1 has only 10 particles per cubic meter

of 0.1 mm and smaller. The choice of the clean room depends on the size of the

structures that are necessary to realize. All the structures described in this thesis



51

are realized in a clean room ISO 7 (< 2,930 particles with size of >5 mm), which

is su�cient for the fabrication of devices with typical dimensions of about 10-100

mm.

2.4.2 Negative photoresist: SU-8

SU-8 is one of the most common negative photoresist, for its capability of pro-

ducing high aspect ratio structures. It is an epoxy-based photocurable resin. The

maximum absorption occurs at a wavelength of 365 nm and, when exposed, its

long molecular chains cross-link, causing the solidi�cation of the material. The

�nal aspect is the one of a strong polymer with a Tg higher than 200°C. The SU-8

was originally developed for the microelectronics industry for the fabrication of

semiconductor devices. Today, it is mainly used for the fabrication of micro�uidics

devices. In particular it can be used for direct fabrication of microchannels [76]

and to produce masters with relief patterns for molding devices in other mate-

rials [77], like polydimethylsiloxane (PDMS). All the photolithography activities

described in this thesis are based on this last usage of SU-8. In detail, SU-8

2050 provided from MicroChem Corporation (Newton, Massachusetts) permits

to realize structure with a thickness about 10-150 mm, was used.

2.5 Soft-lithography

Even if photolithography is one of the most di�used microfabrication techniques,

it has some disadvantages. The sizes of the features are limited by optical di�rac-

tion and to use the required high energy radiation, complex facilities are neces-

sary. It is quite an expensive technique and only a few types of material can be

used. In addition, there is not a good control of the surface chemistry and this

could be an important problem for chemical and biological applications. For all

these reasons, at the end of the 20th century, a new microfabrication technique

expanded rapidly: the soft-lithography [79]. This term is referred to a family of

non-photolithographic techniques for fabricating of high-quality microstructures

using elastomeric or soft materials; the most notable polymer is the polydimethyl-

siloxane, commonly known as PDMS. Soft lithographic techniques require little

capital investments, because they can often be carried out in normal laboratory

environment (the clean room is usually not necessary) and the typical materi-
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Figure 2.7: Chemical structure of PDMS.

als used are not expensive. The di�erent techniques [79] which are included in

the soft-lithography family are: microcontact printing (mCP), replica molding

(REM), microtransfer molding (mTM), micromolding in capillaries (MIMIC) and

solvent-assisted molding (SAMIM). In all of these techniques the PDMS is used

as a mold or to produce the �nal sample. In following sections only the techniques

used in this thesis will be detailed explained.

2.5.1 Polydimethylsiloxane - PDMS

The principal polymeric material used to produce elastomeric devices is poly-

dimethylsiloxane (PDMS). It is composed of inorganic siloxane chains with or-

ganic methyl groups attached to the silicon, see Figure 2.7. This material is

commercially available as a liquid pre-polymer (made by siloxane oligomers),

that reticulates after mixing with a reticulant agent, containing a platinum cat-

alyst. After curing time, that could be accelerated thermally, PDMS looks like

a transparent �exible elastomer, which has a Tg around -120°C and a melting

temperature higher than 200°C.

Several proprieties of PDMS are useful for the formation of high-quality mi-

crostructures in soft-lithography:

� Being an elastomer, PDMS conforms to the substrate over a large area. It

is su�ciently deformable so that the conformal contact can be achieved also

on not perfectly planar surfaces. Moreover, it can be released easily also

from complex and rigid structures.

� PDMS surface has a low surface energy (ca. 21.6 · 10−3Jm−2 [79]) and is

chemically inert, therefore usually not adhere irreversibly on other poly-

mers. The surface proprieties can eventually be modi�ed by treatment of

oxygen plasma, to give an appropriate interfacial interaction with other

materials or molecules [80].
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Figure 2.8: Schematic illustration of possible deformations and distortions of mi-
crostructures in the surfaces of elastomers such as PDMS [79]

� After the complete polymerization, it is homogeneous, isotropic and optical

transparent down to 300 nm. Additionally, PDMS is permeable by oxygen

and biocompatible, so it can be used for biological applications.

� The �nal structures in PDMS are durable in time. It is possible to use the

same sample for several times and several months.

� PDMS is a low cost material (about 100 Euro/kg), if compared of a pho-

toresist (e.g. SU-8 costs about 1000 Euro/Kg).

These pros makes PDMS the principal material for microfabrication and for

micro�uidics in the last 15 years. However there are some technical problems

which must be considered for its utilization. First, adhesion and capillary forces

exert stress on the elastomeric chains and can cause the collapse of the struc-

tures, in particular if the aspect ratio of the relief features is too large (see Figure

2.8a). Delamarche et al. [81] showed that the aspect ratios (l/h) of the structures

on PDMS surfaces have to be between 0.2 and 2 in order to avoid this problem.

Moreover, when the aspect ratio is too low, the relief structures are unable to sus-

tain its weight. To avoid this problem it is better to do not work with too distant

features (d≤20 h), as shown in Figure 2.8b. Next, during the curing, the shrink-

age is about 1% [82] (see Figure 2.8c). Finally and probably the most important

problem of the PDMS regards the applications in chemistry, since it can be read-

ily swelled by non-polar solvents (in general organic solvents). When non-polar

molecules are put in contact with PDMS surface, they have great a�nity with

the methyl groups that are commonly exposed by the polymer. This promotes

adsorption and the penetration of the molecules into of the material, changing
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Figure 2.9: Graph with the swelling ratio S = D/D0 with di�erent solvents, having
di�erent cohesive energy δ [83].

the shape of the microstructures. This phenomenon was studied by Whitesides

et al. [83], who put a piece of PDMS inside di�erent solvents for a controlled time

and then registered the length variation (and consequently the amount of solvent

inside the polymer) while the polymer was still inside the solvent. Looking at

Figure 2.9, using S as adimensional length variation parameter (S = D/D0 with

D=length of PDMS in the solvent and D0=length of dry PDMS), it is possible

to see that solvents with cohesive energy near to that of PDMS have a great

tendency to cause swelling (here expressed as δ = (cohesive energy)1/2) .

This last problem pushed people to look for other materials to use in soft-

lithography or to �nd strategies to protect the PDMS from the non-polar agents.
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For example, Weitz et al. [84] found a strategy to protect the inside border of

a microchannel with a glass coating by sol-gel polymerization. The limit of this

technique is that the �nal shape of the channel is rounded.

Regarding new polymers, Steven Quake's group studied the possibilities to use

per�uoropolyethers (PFPEs) [85]. These materials are liquid in room tempera-

ture, exhibit low surface energy, low Young modulus, high gas permeability. The

resulting polymer is transparent and compatible with many solvents (dichloromethane,

acetonitrile and methanol). Other polymers with solvent compatibility are ther-

moset polyesthers (TPE). Fiorini et al. [86] produced devices with a resolution

down to a few micrometers that are resistant to acids, bases and some common

organic solvents, but not with the chlorinated.

Another possibility is to use thiolene resins (ThR), which are commercially avail-

able as optical adhesives by Norland Products. The commercial name is Norland

Optical Adhesive (NOA) [87] and it exists with vary formulations that di�er in

their mechanical proprieties, curing time and viscosity. Thiolene resins are avail-

able as prepolymer that under UV radiation becomes hard. The reaction can

be described as a four step radical process, as shown in Figure 2.10, which con-

sists in the UV initiation, two propagations and termination processes. The �nal

cured material is optically transparent in the visible range of electromagnetic

spectrum, adheres to glass and metals and resists at temperature up to about

130°C. Regarding the stability with organic solvents, thiolene resins show good

compatibility with not chlorinated solvents, as showed in Table 2.1, in which its

volumetric swelling ratios (S) are compared to those of PDMS [88]. However,

swelling ratio with chlorinated solvents is similar to the PDMS.

Solvent S SPDMS

acetone 1.31 1.28
benzene 1.32 2.09
dichloromethane 1.87 1.97
ethanol 1.01 1.01
hexanes 1.01 2.40
n-butyl acrylate 1.03 1.93
tetrahydrofuran 1.49 2.29
toluene 1.13 2.18

Table 2.1: Swelling ratio (S) of NOA in organic solvent compare with PDMS.
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Figure 2.10: Polymerization by radical process of thiolene resins.

Thiolene resins (ThR) have been extensively used to fabricate microdevices

because of their good solvent resistance, rapid curing procedures, biocompatibil-

ity and strong adhesion to metal and glass substrates [89]. Harrison et al. [90]

showed the possibility to use thiolenic resins for micro�uidics applications for the

�rst time. They put thiolene resins between two glass slides and exposed them

to UV curing using an appropriate mask to realize a micro�uidic channels. Since

thiolene is photopolymerizable, after an UV exposure the non cured prepolymer

was washed away, obtaining the desired microchannel network. Moreover, thi-

olene resins can be used to produce devices with soft-lithographic techniques,

generally in combination with PDMS [91].

2.5.2 Self assembled monolayer (SAM)

Self assembly is a spontaneous organization of molecules in a stable con�guration

generally driven by covalent and non-covalent forces. The key idea is that the

�nal structure is close to a thermodynamic equilibrium and therefore is predeter-

mined by the characteristics of the initial subunits. Various strategies have been

developed to fabricate two and three dimensional structures and self assembled

monolayers (SAMs) are the most widely studied.

SAMs of organic molecules are molecular assemblies formed spontaneously on sur-
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Figure 2.11: Representation of a highly ordered monolayer of alkanethiolate formed
on a gold surface. The sulfur atoms form a commensurate overlayer on Au(111) with a
structure, whose thickness is determined by the number of methylene groups (n) in the
alkyl chain. The alkyl chains (CH2)n extend from the surface are tilted approximately
30° from the normal to the surface. This con�guration maximizes the van der Waals
interactions between adjacent methylene groups [79].

faces by adsorption and organized in ordered domains. They are usually prepared

by immersing the substrate in a solution containing the molecules reacting with

the surface, or by a vapor exposition. The best characterized systems of SAMs

are alkanethiolates CH3(CH2)nS
− on gold, where the sulfur atoms bonded to

the gold surface bringing the alkyl chains into close contact, see Figure 2.11. The

formation of ordered SAMs is a relatively fast process, for example in solution it

takes few minutes. This ability to obtain ordered structures rapidly is one of the

factors that increased the di�usion of the SAMs also to study model systems on

wetting. SAMs are also well suited for fabricating chemical patterns and struc-

tures with lateral dimensions between nanometer and micrometer scales. One of

the most popular techniques to pattern SAM on a �at surface is the microcontact

printing (mCP).
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2.5.3 Microcontact printing (mCP)

Microcontact printing (mCP) is a �exible, simple and non photolithographic method

that uses the relief structures on the surface of a PDMS part as a stamp to trans-

fer a pattern of self-assembled monolayers (SAMs) to the substrate surface by

contact [92]. SAMs can be created by immersion of the substrate in a solution

containing a ligand Y (CH2)nX (named �ink�), where X is the head group and Y

is the �nal group. The head group depends on the propriety of the substrate and

Y determines the surface property of the monolayer. In microcontact printing,

the stamp is wetted with the �ink� and pressed on the substrate surface, as shown

in Figure 2.12. The use of PDMS as a stamp is very important for its swelling

propriety in organic solvents. As a matter of fact, during the immersion step the

PDMS absorbs part of the solution, helping the pattern transfer to the substrate.

The possibility to realize very resolute patterns in short time (one print takes less

than 1 minute) and in a not particular clean environment (it is not necessary to

work in clean room conditions) push mCP to became very common.

Microcontact printing was �rst demonstrated for SAMs of alkanethiolates on

gold and then it has been realized with a large variety both of substrates and

molecules. For examples using SiO2 [93], Al [94] and glass [95] as substrate and

OTS (Octadecylthriclorosilane) [93], DTS (docosyltrichlorosilane) [96] and pro-

teins [97] as functionalizing molecules.

Figure 2.12: Step of process of mCP [92]
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2.5.4 Replica Molding (REM)

The replica molding (REM), described in Figure 2.13a, is a microfabrication

technique that allows to realize a negative copy of a initial master [75]. Unlike

the standard strategies to make a mold, in this case an elastomeric polymer is

used, which can be easily removed from the master: the prepolymer is poured on

the master and, after a curing time, it is peeled o�. REM is a procedure that

accommodates a wide range of materials and the most used is still PDMS. As a

matter of fact, it allows to produce very complex (two or three dimensions) [98]

and resolute (nanometer scales) [99] structures in one single step. Moreover,

using PDMS it is possible to make a �Double replica molding�: using the �rst

replica as a master to produce a second replica that will be the positive copy of

the original master, as shown in Figure 2.13b. This evolution of REM allows to

prepare devices using materials, like NOA, that would not be compatible with the

standard replica molding: if a polymer, after the curing time, is not elastomeric,

it will not be possible to peel it o� from the master. At variance, if the master

is made with PDMS, it will always be possible, to detach the two parts without

damaging them. For all of these reasons, replica molding with PDMS is the most

common techniques to realize also micro�uidic devices. Starting from a master

made by photolithographic or mechanical techniques, PDMS microchannels are

produced by REM and can be closed with normal glass cleaned and activated by

oxygen plasma exposition [100].

Figure 2.13: Soft-lithographic techniques: a) Replica molding and b) Double replica
molding.
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Chapter 3
Suspension of water droplets on

individual pillars

This Chapter reports results of extensive experimental and numerical studies on

the suspension of water drops deposited on cylindrical pillars having circular and

square cross sections and di�erent wettabilities. In the case of circular pillars,

the drop contact line is pinned to the whole edge contour until the drop collapses

due to the action of gravity. In contrast, on square pillars, the drops are sus-

pended on the four corners and spilling along the vertical walls is observed. The

Chapter is divided in two main parts: at �rst the experimental and simulation

details are described and then, the results for each pillar geometry are presented.
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3.1 Introduction

One of the main goals regarding the open micro�uidics is the control of the droplet

motion. To achieve this purpose, it is very important to know the physical and

chemical proprieties of the surfaces, like their roughness and wettability, as intro-

duced in Chapter 1. For this reason, a very active �eld of research is the realization

of surfaces controlling these parameters. As a matter of fact, by playing with their

surface chemical composition and their morphology, it is possible to signi�cantly

enhance their hydrophobic or hydrophilic characters. In the past few years, a

large variety of superhydrophobic and superhydrophilic surfaces have been real-

ized which present a contact angle θ>150° [101�104] and θ<10° [105�107], re-

spectively. More interesting for potential applications, is the realization of smart

coatings which can change their wettability when subject to speci�c external stim-

uli, like light [108�110] or temperature [111�113]. An essential feature in all of

these realizations is the presence of a rough surface. If the roughness is isotropic,

a drop deposited on the surface assumes an almost hemispherical shape and the

apparent contact angle is the same measured in any direction, as predicted by

Wenzel [41] or Cassie-Baxter models [42]. If the roughness is not isotropic, e.g.

parallel grooves, the drop is elongated and the apparent contact angles measured

along the principal directions of the patterned surface are di�erent. Recent stud-

ies have focused onto the wetting properties of anisotropic patterned surfaces. It

was observed that even relatively simple surface topographies, such as grooves

with a rectangular cross section, exhibit a large variety of di�erent wetting mor-

phologies [18]. Analogously, chemically heterogeneous �at surfaces formed by al-

ternating hydrophilic/hydrophobic stripes [114�116] and geometrically structured

surfaces characterized by parallel microscopic grooves [117�119] show pronounced

anisotropic contact angle and elongated drops. To better analyze this anisotropy,

Semprebon et al. investigated the wetting of a drop deposited on top of a single

rectangular post having a length much longer than its width [120]. The orthog-

onal contact angle is found to increase with the drop volume, while the parallel

angle does not change and coincides with the intrinsic values of the corresponding

surface. To further characterize this phenomenology, we have extended the study

to individual posts of sub-millimetric size having symmetrical cross section.

Classic experiments [121] on the equilibrium of liquid drops con�ned on macro-
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scopic circular cylinders with sharp edges were already presented, con�rming the

validity of the Gibbs condition. These measurements have been recently extended

to the study of the suspension of liquid drops by a single frustoconical asperity,

having a top circular surface of millimeter size [122]. It was established that for

the suspension of a drop, not only the contact line must be pinned but also that

the vertical component of the surface tension must be of su�cient magnitude

to hold unsupported liquid against the downward pull of gravity. The stability

of drops at the edges was also investigated by pressing the drop with a superhy-

drophobic surface and was characterized in terms of the critical pressure necessary

to depin the contact line [123]. More recently, the pro�le of liquid drops at the

tip of a cylindrical �ber with a sub-millimiter radius was studied [124]. Addi-

tionally, the wetting behavior of individual nanostructures with diameters down

to the sub-100 nm scale was quanti�ed. It has been shown that the macroscopic

pinning behavior is preserved for nanostructures with dimensions down to about

200 nm [125].

A common feature in all of these studies is the presence of asperities and posts

having circular cross-sections [36, 121�127] and therefore the results may be di-

rectly deduced by the Gibbs criteria. The aim of the work described in this

Chapter is to provide a �rst analysis of the pro�les of water drops pinned on

geometric posts with corners. Following we present the results of systematic ex-

periments and numerical calculations of the shape of drops deposited on single

posts having circular and square cross sections and various wettabilities.

3.2 Microfabrication of PDMS pillars

Following the general approach presented in Chapter 2, in this section the mi-

crofabrication process for posts with circular and rectangular cross section is

described. It is developed in two parts: �rst, we prepared two masters of stain-

less steel by micro-EDM technique and then, we produced the �nal structures

with PDMS by double replica molding.
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3.2.1 Master production by micro-EDM

We produced two kinds of individual posts in stainless steel, by micro-EDM in

milling mode. The posts, shown in Figure 3.1b,c, were produced with height of

200 mm and with cylindrical and square shapes having characteristics size of 800

mm (diameter D=800 mm and side L=800 mm, respectively). In details, at �rst

we polished the metal surface and then we started the milling process. The ma-

chine used is the SARIX SX-200 (see Figure 3.2) available in the department of

Mechanical engineering. We realized the 3D CAD draws of the structure, using

Pro Engineering Wild�re 3.0 and then, we generated and simulated the manu-

facturing of workpieces by ESPRIT, a CAM software (Computer-aided manufac-

turing) provided by DP Technology. During the milling, we used a hydrocarbon

oil (HEDMA111) as dielectric �uid and tungsten carbide rods with diameter of

300 mm as electrodes.

Figure 3.1: a) Scheme of a cross-section of a drop placed on top of single pillar showing
characteristic angles. SEM views of b) the circular and c) the square pillars.

The �nal posts have been characterized by pro�le meter and by scanning

electron microscopy (SEM). Figure 3.1b,c shows magni�ed views of two pillars.

The root mean square surface roughness of the polished top face was less than

1 mm, the vertical walls about 3 mm, and �nally, the contour edge 2 mm. After

the machining, the pillars were washed using solutions of ethanol and acetone in

ultrasonic bath and �nally used as masters in double replica molding process.
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Figure 3.2: Picture of the SARIX machine for micro-EDM.

3.2.2 Double replica molding of stainless steel masters

The �nal samples were prepared by standard double replica molding process as

positive copies in polydimethilsiloxane (PDMS) of the stainless steel masters.

Referring to Figure 3.3, a negative copy in PDMS was �rstly casted by simply

pouring over the master a mixture of the pre-polymer and the curing agent and

then, heating the whole system in an oven for 1 hour at 80°C (steps I and II).

With the help of a microscope, thin stainless steel wires (diameter 130 mm)

were vertically inserted at the center of each cavity (step III). Then, a second

replica of PDMS was performed on this assembly in the same manner as the

�rst process (step IV). Before casting, the �rst PDMS replica was functionalized

with a monolayer of trichloroper�uorooctylsilane (FOTS). It was left in a silane

atmosphere for at least 2 hours so that the whole surface is evenly coated. This

works as an anti-stick layer which allows the detachment of the two PDMS parts.

After solidi�cation, the PDMS replica was peeled o�, the wires were gently taken

o� and thin tubes were �xed at the extremity of each hole (step V). By connecting

them to a syringe pump, a water �ow could be induced through the central hole

to form a small drop on top of the pillar (step VI). In this way it was possible to

easily control the production of drops of known volume. We soon discarded the

standard deposition of sessile drops for a series of drawbacks: i) the procedure

was highly erratic given the small size of the post and its hydrophobic nature, ii)
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Double cameras
contact

Figure 3.3: Double replica molding process to produce pillars with PDMS.

Figure 3.4: Oxidation process induced by UV lamps in UVO-cleaner.

the volume could not be varied continuously. A similar procedure was adopted

in the original work by Mason and coworkers [121], the only di�erence being that

they used much larger posts by a factor ≥10. The wettability of these posts was

changed by exposure to oxygen plasma. The treatment of the PDMS surface was

carried out in a commercial UVO-cleaner (by Jelight Inc), normally used to clean

the surface from organic contaminants. The machine is composed by two UV

lamps with di�erent wavelengths of emission (184,9 nm and 253,7 nm): the �rst

band excites the oxygen creating ozone and the second catalyzes the reaction to

decompose the organic molecules to water and carbon dioxide, as shown in Figure

3.4. We found that after 45 minutes in the UVO-cleaner, the contact angle on

�at, untreated PDMS samples decreased to around 80°, while after three hours of

the same treatment, it decreased to about 60°. This change was stable only for a
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Figure 3.5: Schematic draw a) and picture b) of the optical setup used to observe the
water drops.

couple of hours and then, the surface recovered its initial wetting character on a

time scale of several days. The data on the treated surfaces were taken right after

the extraction from the UVO and very quickly (within two hours) to bypass this

recovery. Anyway, to be sure that the surface recovery was negligible, contact

angle measurements on �at portions of the sample were taken before and after

each acquisition sequence.

3.3 Experimental apparatus

Water drop pro�les were recorded with the homemade apparatus shown in Figure

3.5. The sample was positioned in the middle and its vertical position could be

�nely adjusted with a manual translational stage. A small drop of increasing

volume V of distilled water was produced on the top face of each pillar with a sy-

ringe pump, provided by Harvard Apparatus (PHD 22/2000-Infuse/Withdraw).

The drop was illuminated by two back-light collimated led sources, Light A and

B in Figure 3.5a. The drop pro�le was simultaneously viewed from two di�er-

ent orientations with telecentric lenses which guarantee a good contrast and a

faithful reproduction of the drop shape, mounted on two high-resolution cameras

(MANTA G-146B). In this study, they were oriented at right angles to probe the

symmetry of the drop with the circular posts and at 45° with the square posts.

In this way it was possible to view the drop from one side and from one corner

of the square. In order to get statistically sound results, we typically recorded at
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least �ve complete runs for each pillar, starting from the formation of a tiny drop

at the center and increasing the volume till the �nal collapse of the enlarged drop

due to gravity. After each sequence, the surface was dried by means of absorbing

paper and subsequently, by blowing pure nitrogen. Typically images acquired

during the measures are shown in Figure 3.6. The pro�le of each image was then

analyzed o�-line, using a program written by LabVIEW. For each volume, the

contact angle was deduced from a �t of the pro�le. The pro�les have been de-

rived from di�erences in the grayscale values along the horizontal direction and

the contact angles have been calculated from the slope of the �t in correspon-

dence of the contact line, as shown in Figure 3.7. The corresponding error was

estimated to be typically ±3°, unless otherwise stated.

Figure 3.6: Typical images of water drops on a circular a), b) and on a square c),
d) pillars taken from two di�erent directions. Images a) and b) are taken along two
orthogonal directions (θ=64°), while images c) and d) represent side and diagonal views
respectively (θ=68°).
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Figure 3.7: Schematic sequence of �tting procedure. First the drop pro�le is found
from the contrast between droplet (dark) and background (bright) and then, the contact
angle is calculated between the drop baseline and the �t slope.

3.4 Simulation details

Thanks to the collaboration with the Max Plank Institute �Dynamics of Complex

Fluids� in Gottingen, it was possible compare the experimental pro�les with the

droplet shapes calculated using the public domain software Surface Evolver, de-

veloped by Ken Brakke [128]. This software allows to determine the equilibrium

shape of the interface by minimizing the total interfacial energy. In this program

the liquid-vapor interface is represented by a mesh of small triangles. For the pur-

pose of these calculations we account only for liquid con�gurations which exhibit

the same symmetry as the underlying post geometry, i.e. horizontal translation of

the center of mass of the liquid are completely suppressed. The essential feature

in the numerical calculation is that the contact line is always free to move on a

surface until it reaches a pinning edge and then the Gibbs equation is applied.

As long as the local contact angle on the pillar (θp) is less than the maximum

angle (θmax) derived from the Gibbs condition, the corresponding portion of the

contact line is pinned to the edge (see Figure 3.1a). When the liquid volume is

increased, θp increases until it reaches a value θmax. After a further addition of

liquid, θp> θmax, the contact becomes free to move along the adjacent surface

and eventually �nds a new equilibrium position or keeps on moving, indicating

a collapse of the drop along the vertical direction. In the latter case, the corre-

sponding volume will represent the maximum liquid volume Vmax which can be

sustained by the post. We studied both the case of zero and non-zero gravity.
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θ (°) θmax Experiment (°) θmax Gibbs criteria (°)

64±4 148±3 154

80±4 167±3 170

110±2 175±4 200

Table 3.1: θ is the contact angles of the post, θmax Experiment, the maximum
contact angles measure on the circular pillar and θmax Gibbs criteria, the maxi-
mum contact angles calculated with Equation 1.16.

3.5 Data elaboration

First we analyzed the most symmetrical case of a drop deposited on a cylindrical

post having a circular cross-section to compare our results with the Gibbs criteria.

Then, we focused our attention on the original case of drop placed on square pillar.

3.5.1 Results with circular pillar

The symmetrical circular geometry was originally studied by Mason and cowork-

ers in their classic work devoted to the stability of axis symmetric sessile drops

of various liquids [121] and more recently by Extrand [122]. In these papers are

describes that, when θ>90°, the maximum angle predicted by the Gibbs condi-

tion at a right edge (φ=90°) is θmax>180°. In the absence of gravity, the contact

angle on the post θp tends to the limiting value 180° at �nite volumes V , while

for macroscopic systems angles above 180° can be obtained because of the distor-

tion induced by gravity. Actually, θmax>180° have been found even though they

have been not measured directly [122]. When θ<90°, θmax is expected to be less

than 180° at a right edge. If the V exceeds the maximal volume corresponding

to θmax, the contact line suddenly jumps and spreads spontaneously down the

vertical wall. Our results are consistent with such a phenomenology. Regardless

of the surface wettability, the drops have a symmetric shape with the contact line

pinned to the circular edge.

Figure 3.8 summarizes the contact angle measurements on a cylindrical post hav-

ing a diameter D=800 mm. It shows the contact angle on the post θp as a function

of the drop volume divided by D3 for three di�erent wetting surfaces. The mea-

sured dependence of the contact angle on drop volume nicely follows the curves

derived from the Surface Evolver taking gravity into account, see continuous lines.
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Figure 3.8: (color online) Contact angle as a function of the normalized volume of water
drops on circular pillars having di�erent surface wettabilities and a diameter D=800
mm. Symbols refer to experiments, continuous line to numerical simulations, and dashed
line to theoretical calculation for an hemispherical drop.

For each curve, the �nal point corresponds to the maximum volume of a stable

sessile drop: at higher volumes the drops collapse. The corresponding contact

angle values θmax found experimentally are summarized in Table 3.1. Hydrophilic

Figure 3.9: Images of asymmetric water drops on a circular pillar with θ=115° a) and
side view b) and diagonal view c) of a square pillar with θ=68°.

pillars (θ=64° and θ=80°) are quite consistent with the Gibbs prediction, while

on untreated post (θ=110°) we found 175°± 4°, although the simulation yields

a monotonic increasing θ with the normalized drop volume well above 180°. We

believe that one reason for the observed di�erence is the di�culty of producing

large symmetric drops. As already stated, lateral shifts in the center of mass of

the drop have not been considered in the calculations. Actually, the quoted value
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for θmax corresponds to the largest volume which presents a symmetric pro�le.

For larger drops, contact angles above 180° were observed only on one side of the

post, as shown in Figure 3.9a. In the case of symmetric drops, it was impossible

to directly measure contact angles above 180° because the depth of �eld of our

objectives was much larger than the drop size.

As a useful comparison, in Figure 3.8 we have also plotted (see dashed line) the

volume of a hemispherical drop having a circular contact line of diameter D and

forming a contact angle θp as derived from the following geometric formula, valid

in the absence of gravity [121]:

V

D3
=

π

24

(1− cos θp)
2

sin3 θp
(2 + cos θp), (3.1)

where V ,D,θp have been already de�ned. As expected, at small volumes the data

agree with this estimate, while for V/D3 ≥ 1.2 Equation 3.1 underestimates the

actual contact angles. In other words, gravity acts to �atten the central portion

of the drop and increases the pinned contact angle.

3.5.2 Results with square pillar

Let me now consider the novel case of a geometric post with a square cross-

section. Figure 3.10a shows the numerical and experimental pro�les of drops of

di�erent volumes as viewed along the side (panel a, left) and the diagonal (panel

a, right) of a hydrophilic post with a side L=800 mm. The full symbols represent

the experimental pro�les for di�erent volumes, while the continuous lines indicate

the corresponding calculated pro�les. The smallest drop displays the pro�le of

a spherical cap with an angle θ indicating that the contact line has not reached

the sides of the pillar and it is still circular. As V is increased, the liquid front

reaches the side edges and pins. However, the regions close to the corners are still

dry. On further increasing V , the liquid remains pinned to the lateral edges and

the lateral contact angle increases. When this angle passes the Gibbs maximum

angle, the contact line depins from the edge and slightly moves downward the

vertical walls. When the contact line reaches the corners, the constrains of the

boundary conditions are modi�ed and the contact line is then allowed to move

downwards along the corner edge. When this movement occurs, it is interpreted

as the equivalent instability which takes place on the circular post leading to the
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collapse of the droplet. Loosely speaking, we can say that the drop is suspended

by the whole edge contour on the circular pillar and only by the four corners on the

square pillar. A more detailed description of the shape evolution near the edges,

as derived from the numerical calculations, as displayed in Figure 3.10b. The

continuous lines represent the evolution of the lateral pro�le of a drop pinned to

the edge. The dashed curves indicate the corresponding pro�les as viewed along

the diagonal. They show a non monotonic variation of the pro�le curvature near

the solid surface. More interesting, the behavior observed in the side view clearly

displays a pronounced spilling of the drop down the vertical wall.

Figure 3.10: Pro�les of drops of di�erent volumes deposited on a pillar having a square
section of side L=800 mm and a contact angle θ=68°. a) Experimental (dotted lines)
and numerical (continuous lines) pro�les along the diagonal and lateral views. b) Evo-
lution of the numerical pro�les near a corner displayed along the side (red dashed lines)
and diagonal (black continuous lines) views. c) Lateral view of whole numerical pro�les
of drops deposited on square and circular pillars having the same characteristic size (L
or D).

The pro�les shown in the graphs of Figure 3.10a indicate a very good agree-

ment between the experimental and numerical data up to the intermediate vol-

umes (blue data, V/L3 = 2.6). For larger values (orange data, V/L3 = 3.5),

deviations from a symmetric shape start to be clearly observable in the experi-

mental pro�les. However, the main di�erence is the amount of spilling found: in

the simulation the contact line moves downward the lateral wall much more than

in the experiment. We think that this is due to two di�erent factors. First of all,

the fact that no symmetry breakings and other instability mechanisms related to

in-plane shifts of the center of mass are considered in the calculations. As already

stated, experimentally it is very di�cult to produce a symmetric large drop. The
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Figure 3.11: Lateral contact angle as a function of the normalized volume of water
drops on a square pillar having di�erent surface wettabilities and a side L=800 mm.
Symbols refer to experiments and continuous lines to numerical simulations.

pro�le shown in Figure 3.10a corresponds to one of the most symmetric drop we

produced, the more common outcome being the asymmetric pro�le displayed in

Figure 3.9b and 3.9c, characterized by signi�cant spilling but only on one side.

Secondly, vertical walls of the real posts are not smooth but present some rough-

ness which favors the pinning of the contact line [126].

Although the spilling of the drop along the vertical walls is arguably the most

evident di�erence between a drop sustained by a square post and a circular one,

Figure 3.10c shows that it is also possible to distinguish the pinning behavior of

the two posts by just looking at the lateral views of the drop pro�les. In general,

the �attening of a drop is caused by gravity and on a square post the drop is

more �attened than on a circular one.

Another way to account for the pinning behavior is to use the contact angle.

Figure 3.11 shows the contact angle θp measured laterally on a square post as a

function of the drop volume divided by L3 for three di�erent wetting surfaces.

Again, the continuous lines represent the results of the numerical simulations. At

variance with the circular post, once θp reaches the critical value θmax the drop

does not fall down but it spills over the edge and the contact line gets pinned

somewhere along the vertical sides as previously discussed. The drop remains

suspended and further increases in volumes can be accommodated at the same
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critical angle by simply moving the contact line downward. This explains the hor-

izontal segment seen in the numerical curves. Eventually, the drop will fall down

when the spilling region extends itself and touches the corners. The experimental

points nicely agree for θp< θmax. In the case of the more hydrophilic surface, e.g.

θ=68°, the spilling occurs at a slightly larger normalized volume than that found

in the simulations, as indicated by the vertical arrow. Afterwards, the lateral

contact angle does not change until the drop collapse. Again, we think that the

di�erence is probably caused by extrinsic pinning of the contact line due to mor-

phological defects on the post vertical walls [126]. Instead, for more hydrophobic

surfaces we do not see any evidence of spilling. In this case, the reason is the

di�culty in producing large symmetric drops.

3.6 Conclusion

In this Chapter is described how we have studied the suspension of water drops

on cylindrical pillars with circular and square cross sections and di�erent wet-

tabilities. The observed shapes are the result of the geometric pinning of the

contact line to the pillar edge and can be accurately described in terms of the

Gibbs condition. In the case of a circular pro�le, the contact line is pinned to the

whole edge, while in the presence of corners, the contact line can spill along the

vertical walls. Moreover, because of the pinning, an individual pillar can sustain

much larger drops than a �at surface having the same surface area and wettabil-

ity. To better understand pillar shape capability of sustaining larger drops, we

evaluated that if Vmax on the square pillar is normalized to D3, where D is the

diameter of a circle inscribed in square cross-section, this pillar is able to sus-

tain larger drops with respect to a circular pillar of diameter D. Instead, if the

volumes are normalized to A3/2, where A is the upper surface of the pillars, the

geometries more capable to sustain larger drops with the same A is the circular.

Preliminary numerical results obtained with Surface Evolver, leave us to formu-

late the following conjecture, which generalizes this trend to regular polygons of

N sides circumscribed to the same circle. On the basis of their Vmax/A
3/2, the

di�erent pillar cross sections can be ranked according to the sequence: circle, ...,

(N+1)-polygon, N -polygon, (N -1)-polygon, ..., square, triangle. Therefore �xed

A and θ, the circular pillars are more capable of sustaining liquid drops.



Chapter 4
Morphological transitions of droplets

wetting rectangular domains

In this Chapter is reported the results of comprehensive experiments and numeri-

cal calculations of interfacial morphologies of water con�ned to the hydrophilic top

face of rectangular posts having di�erent aspect ratios `. A continuous evolution

of the interfacial shape from a homogeneous liquid �lament to a bulged �lament

and back is observed during changes in the liquid volume: above a certain thresh-

old length of ` , the transition between the two morphologies is discontinuous and

a bistability of interfacial shapes is observed. Additionally, we investigated the

dynamic proprieties of this transition.
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4.1 Introduction

As described in Chapter 1 instabilities of liquid �laments can be the origin of

morphological transition. Gau et al. [19] observed experimentally a transition

between a liquid �lament with a homogeneous cylindrical cross section and a �at

�lament with a single bulge located in the center of the rectangular domains.

In particular they did the experiment condensing water on hydrophilic stripes,

without controlling and measuring the liquid volume adsorbed on the stripes .

For this reason the results were mostly qualitative. Also, the in�uence of the

length to width ratio of the stripes onto the character of the transition was not

considered. In contrast, to the discontinuous morphological transition found on

hydrophilic stripes of �nite length [19], no abrupt changes in the equilibrium

shape were observed for liquid droplets wetting the top of a square post as the

liquid volume V was increased, as described in Chapter 3 [129]. This fact led us

to conjecture the existence of a bifurcation point in terms of length to width ratio

` ≡ L/W of rectangular posts having length L and width W , which separates

a regime of continuous transitions on `short' posts with ` < `∗ from a regime of

discontinuous transitions on `long' posts ` > `∗. To verify this conjecture and to

quantify the values of `∗, we have performed systematic micro�uidic experiments

and numerical minimizations of the interfacial energy [130].

In detail, this Chapter can be divided in three parts: �rst, it is described the

microfabrication procedure to obtain rectangular posts having hydrophobic walls

and hydrophilic top surface. Then, experimental and numerical results are com-

pared and �nally, a preliminary work regarding the dynamic of the transition

between the two states is presented.

4.2 Microfabrication of posts with hydrophobic

and hydrophilic surfaces

A series of individual posts having rectangular cross-sections of di�erent ratios

` have been fabricated by using a combination of photo and soft-lithographic

techniques. Moreover, they showed hydrophobic vertical walls, hydrophilic top

faces and a hole with diameter 150 mm in the center, as illustrated in Figure 4.2a.

In this way the water �lm would be con�ned on the top face of the post by the
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Figure 4.1: Scheme of the sample during the UV- exposure. Drop of water of few mL
is deposited between the SU-8 �lm and the mask. The mask is attached to a glass slide
to guarantee the �atness of the celluloid �lm.

wettability and on the edge by the pinning of the contact line. Therefore, as in the

Chapter 3 at �rst we prepared some masters with di�erent `, then we replicated

them by Double replica molding and �nally we covered only the top surface

with gold to give a hydrophilic character. Being made by silicon in the most

part, before proceeding with the �rst PDMS replica, the master surfaces have

to be functionalized with a monolayer of trichloroper�uorooctylsilane (FOTS) as

described in Chapter 3, to facilitate the replica peeling.

4.2.1 Master production

At variance with the fabrication of Chapter 3, masters were produced by pho-

tolithography, using SU-8. Therefore, at �rst we prepared some di�erent masks

and then we realized the structures, as described in Chapter 2. In details, masks

were printed on celluloid �lms by an appropriate printer with a resolution of 3600

dpi. Because of rectangular shapes, we did not �nd any particular problems about

the resolution of the masks, and the �nal roughness of the edge of our structures

has been estimated about 1 mm.

Regarding the details of the photolithography procedure, we used the SU-8 2050

spun on a silicon wafer speci�cally cleaned with water, acetone, isopropanol and

by 30 minutes in UVO cleaner. To obtain thickness of 100-150 mm the �lm of

SU-8 was spin-coated with a velocity of 1200 rpm (revolutions per minute) by the

spincoater SCS P 6708/6712. After that, we left the samples stand for 2 hours

to obtain a more uniform �lm spread on large area. Next, as described in the

data sheet [78], after the pre-bake, we prepared the �lm for the UV-exposure. In

details, the celluloid mask was �xed on a glass support and was laid down on

the polymer �lm, putting a small drop of water between the two part to match
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Figure 4.2: a) Scheme of the �nal rectangular post having hydrophobic walls and
hydrophilic top surface. Pictures of the sample from b) side and c) top views.

the refraction index, as shown in Figure 4.1. In this way the Fresnel di�raction

problems are signi�cantly reduced [131]. The UV source is a mercury lamp with

a power of 350 W. Before to arrive on the sample, the radiations is collimated

and �ltered to guarantee a beam with a diameter of 10 cm and a wavelength of

365 nm. As described in Chapter 2 the exposure time has to be tuned on the

basis of di�erent parameters and we evaluated experimentally that 40 seconds

was a proper time to obtain structures with good quality. Then, we passed to

the post-exposure bake and �nally, to the development. With this procedure,

we produced several posts made with SU-8 in relief on silicon substrate with a

height of 150 mm, width W=500 mm, and `= 5, 10, 15, 20, 25, and 30, as shown

in Figure 4.2. A width of 500 mm was chosen because it is su�ciently small to

neglect gravity safely and, at the same time, it allows the central hole to be made

easily.

4.2.2 Soft-lithography

Positive copies of the SU8 masters in PDMS were then produced by a double

replica molding process, in the same manner described in Chapter 3. However,

they resulted hydrophobic with a contact angle of θ=110°, therefore it was not

possible to spread the water on them. To modify their top face wettability ex-

clusively, a thin gold layer with a thickness of about 200 nm was deposited by

magnetron sputtering [132]. To protect the vertical walls during metal deposition,
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Figure 4.3: Pictures of the post with `=15 with the NOA 61 deposited on the border,
a) before and b) after the gold sputtering. c) After removing the NOA the PDMS wall
is still hydrophobic.

Figure 4.4: Contact angle measures of a �at PDMS surface before and after the UVO-
cleaner exposure. a) native and b) protected PDMS shows a contact angle about 110°,
while c) the non protect surface about 60°.

they were covered with a UV-curable optical adhesive, NOA 61 [133]. Particular

care was taken so that NOA 61 touched only the vertical walls up to the edge

(see Figure 4.3). Right before each measurement, the gold surface was activated

in the UVO-cleaner and then the cured NOA 61 coating was peeled o�. As re-

sult, the material contact angle on the top face was reduced to θ ≈15° remaining

stable for a couple of hours [134]. By the exposure of a �at surface of PDMS

covered with a �lm of NOA of few millimeters, we checked that the cover part of

the elastomeric polymer was not a�ected by the UVO cleaner and so the PDMS

walls of the structures were still hydrophobic, as shown in Figure 4.4.

4.3 Experimental apparatus

The liquid pro�les are recorded with the same apparatus described in Chapter 3,

�xing the two cameras at 90°, to simultaneously observe the front and the side

views of the rectangular posts [129]. The only di�erence concerned the way to

increase and decrease the volume of water on the structures. The central hole

of each post was connected at its extremity to a thin tube attached to a syringe

pump (Harvard Apparatus, PHD2000) connected in series with a �ow meter (by

Fluigent). In this way, it was possible to accurately control the production of
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a liquid layer on top of the post with a known volume. To achieve statistically

robust results, we typically recorded 10 complete runs for each post. Starting from

the spreading of a very thin liquid layer on the top face, we injected water until a

maximum volume of 2÷ 3 mL was reached and after that, we suck-up it with the

same syringe pump. Every image was then analyzed o�-line, by a home made

program written in IDL (Interactive Data Language version 7), which can �nd the

pro�le of the liquid layer from the di�erence of contrast between the drop (dark)

and the background (light) and consequently, it evaluates the resulting maximal

high of the water layer for every image. In e�ect, comparing this last parameter,

we distinguished the water layer from �lament and bulge state. Moreover, from

the synchronization of the image sequence with the data saved from the �ow-

meter, it was possible to know the exact volume of water for every image with

an error of about 50 nl.

4.4 Simulation details

Similarly to the work described in Chapter 3, the experimental results were com-

pared with numerical simulations realized in collaboration with the group in the

Max Plank �Dynamics of Complex Fluids� in Gottingen. The shapes of the

droplets were calculated using Surface Evolver [128], �xing the contact line to

the boundary of rectangular shape. In detail, for convenience, we employed the

Bond number Bo ≡ ρ gW 2/γ related to the width of the post to quantify the

magnitude and sign of buoyancy forces. Here, ρ and γ denote the mass density

and interfacial tension, respectively, of water and g the acceleration of gravity. As

we were working with posts of width W = 500µm and water (ρ = 1.0 103 kg/m3,

γ = 7.2 10−2N/m), in this Chapter the Bond number is �xed, if not stated oth-

erwise, to Bo = 0.0341 in our numerical calculations.

To compare the experimental results with the simulations, we chose to normalize

all the quantities to nondimensional values. In particular, the high of the water

layer H was divided by the widthW of the post and the volume byW 3, obtaining

the reduce high h=H/W and the reduce volume v=V /W 3, respectively.
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4.5 Data elaboration

With all the posts studied in our experiments we observed a morphological tran-

sition of the liquid between a homogeneous �lament and a �lament with a central

bulge as the volume was changed. Photographs of the experimentally observed

liquid morphologies, as well as the numerically computed shapes, are shown in

Figure 4.5. The observed shape transition is in agreement with previous experi-

mental studies for liquid condensing on long highly wettable stripes [19]. However,

depending on the length to width ratio ` of the post, di�erent scenarios could

be observed as the volume was changed. Starting at small volumes, the liquid

was distributed on the top face of the post forming a �at layer, (Figure 4.5a).

Upon increasing the volume, the liquid interface formed a homogeneous �lament

which displayed a uniform cross section close to the segment of a circle, (Figure

4.5b). Noticeable deviations of this almost homogeneous pro�le occured only in

the proximity of the ends of the post and decay on a length scale comparable

to the post width. As the volume kept on rising, the contour of the liquid in-

terface in side view started to form a central bulge, which grew with the liquid

volume. This process is characterized by a pronounced increase of the reduced

height [120,129] (Figure 4.5 c,d).

Figure 4.5: Bulged �lament on a post of length L and width W . Panels a), b) and c):
side and front views of the drop pro�le for di�erent volumes on the post `=30; panel
d): numerical energy minimization of the drop. These volumes correspond to the large
pink circles plotted in the graph of Figure 4.6.

The plot shown in Figure 4.6 displays the measured and the numerically calcu-

lated reduced height h for Bo = 0.0341 as a function of the reduced liquid volume
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Figure 4.6: (color online) Reduced height h = H/W of water layers deposited on rect-
angular posts of di�erent ` as a function of the reduced liquid volume v = V/W 3. Full
(empty) symbols represent the experimental data during liquid injection (extraction) in
comparison to numerical minimizations during liquid injection (extraction) displayed as
solid (dashed) lines. The volumes marked by bigger circles a),b),c) refer to the plates
of Figure 4.5. The �nal point of `=5 indicates the characteristic error bars of the
experiment.

v ≡ V/W 3 for the six di�erent posts employed in our experiments. For short

posts (` = 5, 10, 15) all numerically obtained curves h(v) plotted in Figure 4.6

display a smooth cross-over between the homogeneous and the bulged �lament

and it is not possible to make a clear distinction between both morphologies.

Furthermore, the curves h(v) for increasing and decreasing v are identical. In-

stead, for long posts,namely ` = 20, 25, 30, h(v) presents a discontinuous jump

up (v↑) at increasing v and a jump down (v↓) at decreasing v. The opening of the

hysteresis loop, i.e. the di�erence ∆v ≡ v↑−v↓ > 0, becomes larger as ` increases.

Moreover, we found a quantitative agreement between experimental and simula-

tion results of the reduced volumes related to the instabilities of the homogeneous

�lament and the bulged �lament, as well as the width of the hysteresis loops.
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4.5.1 Comparison between experimental and simulated data

Figure 4.7: Maximum reduced height h of water �lms as a function of the dimensionless
liquid volume v. The data refer to di�erent �ow rates and a rectangular post having
`=25.

The main di�erence between our experimental and numerical results is that

the expected discontinuous transition are somewhat rounded in the experiments.

There are several possible factors a�ecting the shape of the present experimen-

tal curves: liquid evaporation, spilling along the vertical walls [129] and surface

defects which create deviations of the contact line position from the rectangular

domain. Extensive and systematic tests have been carried out to evaluate their

individual contribution. Figure 4.7 shows the maximum reduced height h of the

liquid contour as a function of the reduced liquid volume v for a post having an

aspect-ratio ` = 25. The di�erent curves refer to di�erent �ow rates Φ comprised

between 0.5 and 10 mL/min, which represent the limits of our set-up. The curves

show an increase in the �nal h as Φ increased. This di�erence is very likely due to

evaporation, since the measurement at small �ow rates requires more time. For

this geometry, the acquisition time for a complete run are about 0.5 (10) minutes

for the highest (lowest) Φ. Interestingly, the data corresponding to �ow rates of 8

and 10 mL/min are practically coincident suggesting that, above Φmin=8 mL/min,

the evaporation e�ects become negligible. The exact value of Φmin was found to

depend on ` and was always less than 10 mL/min for all the posts used in this
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study. To guarantee that the data plotted in 4.6 are not a�ected by evaporation,

they were taken with Φ > Φmin.

Figure 4.8 shows a sequence of frontal images taken on two posts having `=25.

The top images a)→d) refer to a post whose vertical walls have been exposed to

UVO-cleaner, while the bottom ones e)→h) indicate a post whose vertical walls

have been protected during the activation of the gold surface. Their behavior was

dramatically di�erent. In the former case, the liquid �lm collapsed as soon as

the bulge state had been reached. Conversely, the other post can sustain a much

larger liquid volume and there is clear evidence of overhangs detaching from the

post edge. Again, the �lm pro�les analyzed in 4.6 displayed frontal images that

indicate pinning of the contact line to the post edges.

Figure 4.8: Frontal images taken at di�erent volumes on posts having `=25. Images
a)→d) refer to a post whose vertical walls have been exposed to UV light. Images
e)→h) refer to a post whose vertical walls have been protected from the action of UV
light.

Finally, the top surface might present some morphological and/or chemical

defects mainly due to a not uniform gold deposition. Results taken with posts

of the same aspect ratios but having gold layers of quite di�erent quality indi-

cate that the more uniform surfaces presented more vertical transition. Figure

4.9 shows two runs of measures performed with two di�erent sample having the

same ` = 25. Sample 1 (black square dots) showed a non-homogenous layer of

gold, while Sample 2 (red circle dots) was characterized by gold deposition of

good quality; the percentage of the surface area covered by gold were about 87%

and 99%, respectively. Although the data in Figure 4.6 refer to the best gold

�lms that we have obtained, we cannot exclude that the unavoidable presence
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of inhomogeneities be responsible of the observed rounding. Actually, a simi-

lar argument was originally proposed to explain the observed rounding of the

prewetting transition of quantum liquids on alkali metals [135,136].

Figure 4.9: Maximum reduced height h of water �lms as a function of the dimensionless
liquid volume v. The data refer to di�erent samples having the same aspect ratio ` = 25,
with a not-homogenous (black square dots) and homogeneous (red circle dots) gold
depositions.

4.5.2 Phase diagram

We point out that the experimental data, the numerical energy minimizations

and the model calculations can be conveniently expressed in the form of a mor-

phology diagram in terms of ` and v. The morphology diagram in Figure 4.10a

displays regions where homogeneous and bulged �laments morphologies are me-

chanically stable. Inspection of the numerically determined stability boundaries

in Figure 4.10 reveals a cusp-like bifurcation point at `∗ ' 16.0 and v∗ ' 5.5 and

a tongue-shaped region of bistability for ` > `∗. The energy minimizations for the

morphology diagram in Figure 4.10a were carried out for Bo = 0. A comparison

to the case of Bo = 0.0341� 1 shows only minor di�erences with respect to the

position of the bifurcation point and stability boundaries. Noticeable deviations

are observed only for bulged �laments with large volumes. On short posts with

` < `∗, no discontinuity in the evolution of interfacial shapes during changes in
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Figure 4.10: (color online) a) Morphology diagram in terms of the control parameter
` and v. Black and red lines indicate stability boundaries of homogeneous and bulged
�laments, respectively, from numerical energy minimizations at Bo = 0 in comparison
to experimental data points (symbols). The bifurcation point is indicated by (+), while
the solid blue line (circles) represent the volume where the continuous h(v) numerical
(experimental) curves display an in�ection point. b) Reduced Laplace pressure p =
P W/γ of the wetting liquid on the posts `=30 as a function of v for Bo = 0 . Black lines
indicate results of numerical energy minimizations. Solid (dashed) lines are mechanically
stable (unstable) branches.

the volume is observed. For post with ` > `∗, however, discontinuities in h(v)

appear and the range of reduced volumes can be divided into three regions. In

region I corresponding to v < v↓, solely homogeneous �laments are mechanically

stable, while in region III, with v > v↑, exclusively �laments with a central bulge

are mechanically stable. In the intermediate region II, with v↓ ≤ v ≤ v↑, a bista-

bility between the two �lament morphologies is observed.

Considering the reduced Laplace pressure p ≡ P W/γ as a function of the reduced

volume v from the numerical minimizations (see Figure 4.10b), it is possible to

observe the presence of a discontinuity between the �lament and the bulge state,

which in turn increases with `. As already pointed out by Gau et al. [19], the

interfacial instability occurs for asymptotically long stripes `→∞ once the cross

section of the homogeneous liquid �lament reaches a semi-cylindrical shape with

maximum Laplace pressure pmax = 2W/γ. This is con�rmed by our experiments

where we indeed show that, on long posts, the local contact angle of the cross

sectional contour of the homogeneous liquid �lament never exceeds π/2.
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Figure 4.11: Pictures of side a) and top b) views of the sample holder. The shaker is
contained inside of the PMMA box, which is �lled of water in the bottom part.

4.6 Morphological transition induced by vibrations

In this study, to reduce dynamic e�ects, the volume was increased slowly, en-

suring compatibility with evaporation e�ects. Both interfacial instabilities here

described (�lament and bulge states) are discontinuous on su�ciently long stripes

and hence, the transition between them can be excite by capillary waves (see

Chapter 1). These waves can also be exited externally, for example by forcing the

sample to vertically oscillate at its resonance frequency. With the aim to observe

the dynamic behavior of the transition, we made some preliminary measures,

mounting the microstructures on a sample holder �xed on the shaker LDS V101,

produced by Brüel & Kjær. This can oscillate in a vertical plane at frequency

between 10 Hz and 10 kHz, giving a maximum force of 8.9 N and the maximum

amplitude of oscillation about 2.5 mm. Figure 4.11 shows the sample holder from

side an top views: the shaker is contained inside a PMMA (polymethilmetacry-

late) box �lled of water in the bottom part. During the measures the box is closed

with a transparent cap to keep the humidity stable about 90% and so, to reduce

the evaporation e�ect.

Experimentally, we pumped the water until it reached a volume between

v↓ < v < v↑, without reaching the bulge state. By applying vibration on the

sample at the resonance frequency, we expected to see the morphological transi-

tion to the bulge state. However, it was not possible to calculate this quantity

with the usual equation described by Rayleigh and Lamb [34], mainly because

the shape of the water �lm and the bulge state could not be compared with a

normal drop deposited on a �at surface. Therefore, we empirically scanned all the
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Figure 4.12: a) Droplet on a post with `=25, in the channel state and with volume
between v↓ < v < v↑. Morphological transition to the bugle state induced by b) �rst ,
c) second and d) third harmonic resonance.

feasible frequency with the apparatus at �xed amplitude and vice-versa. For this

preliminary study we used only microstructures with aspect ratio `=10, 16, 25.

In Figure 4.12 it is possible to observe an example of these observations. Since

we did not dispose of a fast camera (frame rates greater than 1 kHz), we could

only get qualitative results fom the images. In detail, we worked with a camera

having a maximal frame rate of 17 fps.

4.6.1 Experimental results of the transition induced by vi-

bration

In the study of the dynamical e�ect of the morphological transition, several pa-

rameters play an important role: basically the volume of the water �lm, aspect

ratio `, oscillation frequency and amplitude and probably the defects on the sur-

faces. For all of these factors, the resonance frequency has been found inside of

a large interval with respect to the precision of the experimental apparatus (less

than 1 Hz). In particular, for the sample with aspect ratio 16 and 25 we observed
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I) 360÷450 Hz

II) 550÷600 Hz

III) 750÷900 Hz

Table 4.1: First (I), second (II) and third (III) order of resonance frequency of water
on posts having `=16, 25.

the transition at the same frequency. Also the �rst, second and third orders of

resonance of the bulge state was observed at same frequencies, as shown in Table

4.1. While for `=10 we have never observed the transition from �lament to bulge

state. These �ndings led us to consider that the transition induced by the vibra-

tion could be excited only for post larger than the bifurcation point. Indeed, in

that case it is possible to observe the bistability of the two states at the same

volume, as already described in Figure 4.10a.

Moreover, �xing the frequency at the resonance and changing the vibration am-

plitude, it was possible to notice a threshold under that the transition did not

take place. Furthermore, increasing and decreasing the amplitude we discovered

the presence of a hysteresis: the threshold from the �lament to the bulge state

was between 40÷60 mm, while to go back to the initial state it was necessary to

arrive until 10÷30 mm, as shown in Figure 4.13.

Figure 4.13: Preliminary measures of the maximal high H of the water �lm versus the
oscillation amplitude A, using a post with `=25. There is a hysteresis loop: increasing
the amplitude the bulge is formed at about 55 mm, while decreasing the amplitude, the
bulge state is stable until an amplitude of about 27 mm.
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4.7 Conclusion

In this Chapter, we described the morphological transition of a �lm of water con-

�ned on rectangular surface. At �rst we realized samples having di�erent aspect

ratios by photo and soft lithography and then, we changed the wettability by ap-

plying a gold layer on their top surface protecting the lateral walls with NOA61.

Moreover, like described in Chapter 3, the introduction of a microchannel with

hole in the center of the post, allowed us to increase and decrease the water vol-

ume without perturbing the shape of the drop. Furthermore, the combination

of the syringe pump with �ow meter and the synchronization with the camera

acquisitions increased the precision of the measures, comparing to the previous

approaches of these types of studies [19, 137]. We observed that the transition

between �lament and bulge state occurs for all the aspect ratio that we investi-

gated, but only for `>16, there is the bistability of the two states for the same

volume. Moreover, the hysteresis is more evident in structures with larger aspect

ratio. The experimental results are in good agreement with the numerical sim-

ulations and the small disparities were justi�ed with the presence of defects on

the surfaces.

Furthermore, for the presence of hysteresis loop in the transitions, we made a

preliminary study to understand the in�uence of the vibrations. We found that,

�xing the volume between v↓ and v↑, it is possible to excite the system at the

resonance frequency passing from the �lament to the bulge state. Also, �xing

the frequency and changing the amplitude of the vibrations, we discovered that

in this case a hysteresis loop appears. In future, more detailed studies will be

developed to better quantify these e�ects.



94



Chapter 5
Sliding droplets

This Chapter describes a work with the aim to study the di�erent droplet mo-

tions on inclined patterned and homogeneous surfaces, having the same apparent

contact angle. We observed that the pattern induces a stick-slip motion at the

droplet, that results continuously deformed during the sliding. This behavior in-

duces a friction between the droplet and the substrate, which causes a dissipation

of energy at the contact line. Therefore, droplets slide faster on homogeneous sur-

faces, than on patter surfaces.

In detail, �rst, the microfabrication and characterization strategies is introduced.

Following an experimental apparatus inspired by [49] is presented. It allowed us

to observe the drops from two di�erent orientations at the same time, using one

single camera. Then, experimental data and some considerations about that are

discussed.
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5.1 Introduction

Beyond the control of the shape of the droplet in open con�guration channels, it

is very important to control also their motion and during the last ten years many

studies have been carried out in this sense. As described in the Introduction of

this thesis, in literature there are three main solutions to control the droplet mo-

tion: by electrowetting [22], by SAWs (surface acoustic waves) and by mechanical

oscillation induced externally of the device. The �rsts two methods allow to con-

trol the droplets motion using complex devices, where the standard photo- and

soft-lithography have to combine with electronics production strategies, increas-

ing the producing costs and making the microfabrication more challenging.

The alternative method, which does not involve electric potentials, is the ap-

plication of oscillation waves [138] to the substrate, by an external shaker. In

particular, Brunet et al. [27] observed that applying vertical vibrations on a �at

surface tilted at 45°, a droplet, initially pinned, can slide down and can slide up

in antigravity direction. This happens because the vibration changes the local

contact angles of the droplet and for particular amplitudes and frequencies, the

contact angle hysteresis ∆θ, introduced in Chapter 1, can overcame the condition

of sliding, allowing the drop to move up or down. Surprisingly, precise theoretical

models to describe this phenomenon are still basically lacking. However, trying to

replicate this kind of experiment in laboratory, we observed that perfect vibration

control on nominal �at and homogenous surfaces is not so simple, because even-

tual defects or dirty parts can easily drift the droplets. To overcame this problem

a pattern on the substrate may be introduced, indeed, it has been shown in closed

microchannels, that patterned surfaces work like a rail for the droplets, as de-

scribed from Baroud et al. [139]. With the aim to develop this possibility also

in open micro�uidic case, we studied the sliding of droplets on inclined chemi-

cally patterned surfaces. Therefore, in this preliminary study, gravity plays the

role of driving force to move the droplets. The motion of a droplet on inclined

surface can have two di�erent contributions: the rolling motion, typical of super-

hydrophobic surfaces and the sliding motion, observable in all other cases. Since

20 years the super-hydrophobic surfaces are studied, inspired by the lotus leaf

e�ect for the self cleaning and friction proprieties. However, this kind of surface

is characterized by a small contact angle hysteresis and thinking about possible
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Figure 5.1: Droplets sliding down solid surfaces with a contact angle of about 50° [51],
showing di�erent regimes: a) rounded drop, b) corner, c) pearling drop. Motion is from
top to bottom in a) and b), and from left to right in c).

application, the slipping control is very di�cult to achieve. For this reason, in

these last years a lot of research has been concentrated on surfaces where the

most important contribution at the motion is the sliding. Podgorski et al. [51] in

2001 studied shapes and motions of droplets sliding down �at and homogeneous

planes, using di�erent liquids. They observed that droplets can assume di�erent

shapes depending on their capillary number Ca, as shown in Figure 5.1. At low

Ca, they are delimited by a round and smooth contact line. At intermediate val-

ues they develop a corner at the trailing edge, with increasing velocity. At high

Ca, they exhibit a cusped tail that emits smaller droplets (pearling transition).

Moreover, in 2005 [49] the same group revisited the original experiment with a

new improved experimental setup. In this second paper they con�rmed the pre-

vious conclusions and better quanti�ed the original considerations.

Apart from the case of homogeneous surfaces in literature there are no papers

describing the behavior of droplets sliding on heterogeneous surfaces. With this

frame, we started a new experimental work with the aim to study the sliding in

this condition. In particular, we chose to produce surfaces having hydrophilic

and hydrophobic stripes, as shown in Figure 5.2.

5.2 Microfabbrication of patterned chemically sur-

faces

To create chemically patterned surfaces we used the microcontact printing tech-

nique (mCP) on glass, described in Chapter 2.

The �rst step of the microfabrication process is the production by photolithog-

raphy of masters with rectangular grooves of di�erent sizes. Like in Chapter 4
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Figure 5.2: Cartoon of a sliding droplet on inclined patterned surface. α is the in-
clination angle of the surface, which is patterned with hydrophilic and hydrophobic
stripes.

we used the SU-8 2050 as photoresist. We realized three di�erent masters with

rectangular grooves, having a length of 2 cm and width of 25, 50, 100 mm. We

used two di�erent types of masks (see Figure 5.3):

1. masks of ink printed on celluloid �lm with a resolution of 3600 DPI, for

stripes of 100 and 50 mm;

2. masks of chromium on a soda-lime glass slide, produced by the Delta Mask

company, for stripes of 25 mm.

Figure 5.3: Masks for photolithography: a) mask with stripes of 100 mm and b) mask
with stripes of 25 mm.

The parameters tuned in this relative master production and the relative charac-

teristics of the structures are summarized in Table 5.1. We assumed the Datasheet

provided by Microchem [78] and we optimized the parameters for our purpose.

Figure 5.4 shows an example of the master produced.

After the production, we functionalized the master surfaces with a layer of



100

Figure 5.4: a) Scheme of the master produced and b) microscopy image of the SU-8
master with rectangular grooves of 50 mm width (W ), 47 mm gap (D) and75 mm height
(H).

Nominal spin velocity Exposure Real width Gap Height
width (mm) (rpm) time (s) W (mm) D (mm) H (mm)

100 1300 30 101±2 100±3 75±1
50 1300 30 50±3 47±2 75±1
25 1500 30 29±1 21±1 43.7±0.3

Table 5.1: SU-8 masters parameters.

trichloroper�uorooctylsilane (FOTS), as described in Chapter 3. They were repli-

cated only once by standard replica molding with PDMS. At this point the molds

were ready for the mCP process. Figure 5.5 shows an example of PDMS stamp.

As described in Chapter 2, we recall that mCP is a soft lithographic technique

for chemically patterning a surface: a PDMS mold is used as a stamp to transfer

molecules dissolved in a solution, or "ink", on a substrate by the contact between

the two parts (see Figure 2.12). We chose a solution of octadecyltrichlorosilane

(OTS), provided by Sigma Aldrich, in toluene (0,5 mM) as "ink", and micro-

scope glasses as substrates. PDMS samples were completely got soaked in OTS

solution for 30-60 seconds. They were consequently dried and put in contact

with cleaned glass substrate, previously activated by UVO-cleaner for 30 min-

utes. Finger pressure was exerted for 20-60 seconds paying attention to give an

homogeneous pressure. Using the PDMS stamp with rectangular grooves, we

created patterns with hydrophobic (OTS) and hydrophilic (glass) stripes. After

having gently removed the mold, patterned glasses were placed on a hot plate

at 70� in order to evaporate the solvent. The best parameters used for every

samples are empirically found and summarized in Table 5.2.



101

Figure 5.5: Photographs of a PDMS stamp with grooves 50 mm wide: a) lateral view
and b) re�ection microscope view.

5.2.1 Characterization of the patterns

The di�erent wettability proprieties of the patterns between OTS and PDMS

stripes can be exploited in order to characterize and to observe sample features

with the condensation �gure method [140]: water vapor condensation on hy-

drophobic and hydrophilic surfaces is di�erent and, as a result, two di�erent ar-

eas can be distinguished according to the size and distribution of the condensed

droplets. As shown in Figure 5.6, some stripes are characterized by bigger droplets

Figure 5.6: Examples of condensation �gures on glass surfaces patterned with OTS:
bigger droplets form on glass whereas smaller droplets on the OTS layer. These pho-
tographs refer to the four kinds of produced samples, presenting stripes a) 100 mm, b)
50 mm and c) 25 mof width.

(hydrophilic glass surface) while other stripes covered by smaller droplets (hy-



102

Figure 5.7: AFM scanning image of a surface patterned with almost 25 mm wide stripes:
a) topographic mode, b) lateral force mode.

drophobic OTS layer). This is a simple and fast technique to measure the stripe

width on the scale of tens of microns and to check if the patterned surfaces have

relevant defects. Unfortunately this method does not provide informations about

layer thickness, that we had to measure by Atomic Force Microscopy (AFM). In

order to study our surfaces we used an AFM (Park scienti�c instruments auto-

probe CP) both in topography and lateral force modes [141]. Two examples of a

scanning outputs is shown in Figure 5.7, where the di�erence between OTS and

glass is marked by the di�erent color scales, which are related with the height

and the hardness of the surface in topographic and lateral force modes, respec-

tively. From them it is possible to observe that OTS and glass boundaries are

well de�ned. However, OTS layer is not a single monolayer, probably because of

molecular accumulation during the printing. Since these buildups are not higher

than 100 nm, which is in any case much smaller than the dimensions of the typi-

cal drops used, we reasonably expected that these OTS layer irregularities would

not a�ect drops motion. The main results of the surface characterization of the

samples realized by mCP are listed in Table 5.2.

Stripes nominal Contact OTS stripes Glass stripes OTS layer
width (mm) time (s) width (mm) width (mm) roughness (nm)

100 40 98±3 102±4 ∼80
50 40 47±3 48±4 ∼80
25 60 23±2 28±2 ∼80

Table 5.2: Characterization parameters of the patterned surfaces.

In addition to the topographic characterizations we also performed a wetta-

bility test, to control if the behavior of our surfaces was coherent with the Cassie
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Equation 1.14, which, in this case may be written in the following form:

cos θ′ = fglass cos θglass + fOTS cos θOTS (5.1)

where θ′ is the apparent contact angle of the patterned surface, θglass and

θOTS are contact angles of water droplets on a surfaces made of glass and OTS

respectively, and fglass (fOTS) is the fraction of the glass (OTS) with respect to

the whole wetted surface area.

Therefore we performed contact angle measures for all the surfaces we realized

and we compared their values with those calculated on the basis of the Equation

5.1. To do that we had also to prepare OTS and glass homogenous surfaces.

The former was obtained by cleaning a microscope glass with distilled water and

isopropanol, then left in UVO cleaner for 30 minutes and �nally immersed for

24 hours in a solution of OTS in toluene 5 mM. To simulate the mCP process on

the glass surface, we washed it in toluene for about 6 minutes. This procedure

was necessary because otherwise cleaned glass would have been di�erent from

glass stripes in patterned samples. Contact angle measurements of water drops

on homogeneous surfaces are shown in Table 5.3. The area fractions of OTS and

Substrate Static contact angle (°)
Glass 52.2± 2.2
OTS 118.2± 1.8

Table 5.3: Static contact angles on homogeneous surfaces.

glass on patterned surfaces were extracted from condensation �gures, like the

ones of Figure 5.6. The results is tabulated in Table 5.4, where predicted and

direct measured values are compared. The agreement between theoretical θ′Th

and experimental θ′Exp values constitutes a further proof of the good realization

of our samples.

Nominal pattern size (mm) fOTS fglass θ′Th (°) θ′Exp (°)

100 0.49±0.02 0.51±0.03 85.4±1.6 84.8±3.2
50 0.49±0.05 0.51±0.04 85.6±2.2 83.2±3.0
25 0.45±0.04 0.55±0.04 82.9±2.2 81.9±5.6

Table 5.4: Static contact angles on heterogeneous surfaces: f theoretical predicted
(θ′Th) and measured values (θ′Exp). fOTS and fglass are the fractions of total surface
which exposed OTS and glass, respectively.
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Moreover, let us outline that the three patterned surfaces show contact angles

θ′Exp between 81.9° and 84.8°. To compare the behavior of water droplets which

slide on patterned and homogeneous surfaces having the same contact angles, we

had to produce one more sample, having a homogeneous contact angle close to

the values measured on the patterned surfaces. To do that we cleaned a glass

slide with acetone, isopropanol and 30 minutes in UVO-cleaner and then we left

it in a solution of Octyltrimethoxysilane (TMS) in toluene 5mM for 24 hours.

Finally, we washed the sample with pure toluene for about 5 minutes and put it

on hotplate at 70°C for half an hour. After the treatment, the glass showed a

contact angle θTMS of 82°± 2°. As required, this value was enough close to the

apparent contact angles θ′Exp measured on the patterned surfaces.

5.3 Experimental apparatus for sliding droplets

Figure 5.8: Experimental setup used to observed the sliding droplets.

The experimental apparatus is shown in Figure 5.8. Droplets of the desired

volume are positioned on the surface through a syringe pump (World Precision

Instruments, Inc.). The sample is placed on a tiltable support, whose inclination
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can be set with a 0.1° accuracy. A mirror mounted under the sample stage at 45°

with respect to the surface allows to view the contact line and the lateral side

of the drop, simultaneously. The drop is lightened by two white LED backlights

(Phlox): one of them is placed in front of the camera and the other is �xed upper

the sample stage, to illuminate the droplet from the top. The sample stage, the

mirror and the light above the drop rotate together, while the light behind the

drop is �xed. Images are acquired by a CCD camera (Pulnix, TM1402CL, 30

frame per second) equipped with macro zoom lens (Navitar 7000). By zooming

or dezooming the macro objective it is possible to observe both the whole motion

of the drops and to focus on a droplet detail as, for instance, the contact angles.

The frame grabber (SiliconSoftware, mE4AS1-PoCL), which connects the camera

to the computer, allows to acquire image sequences of 4500 frames.

Experimentally, at �rst we �xed the inclination of the plane and then we deposited

the drop of known volume by mean of the syringe pump. As expected, for small

volume of the order of 20 mL the drop was pinned on the surface, while for

high volume (>50 mL) it slided too fast for the frame rate range of our camera.

Therefore, we �nally chose to work with droplets of 30 and 40 mL.

5.3.1 Images acquisition

Once the drop has been deposited, it can be focalized with the desired magni-

�cation, by regulating the macro zoom. Image contrast and brightness can be

adjusted acting on LED lights power and/or on the aperture of the zoom lens. In

addition, the brightness can be digitally changed also in post processing using an

apposite program of treatment and analysis of images, realized with LabVIEW.

It was possible to setup three di�erent �eld of view, according to the magni�cation

imposed through the zoom lens:

a) frames with a �eld of view of about 1×0.75 cm, necessary for seeing not only

that the whole drop laying at rest, measuring static contact angles, when

the plane is horizontal, but also the advancing and receding contact angles,

when the plane is tilted (Figure 5.9a);

b) images of an area of approximately 3.5× 2.6 cm, focusing only on the side

view of a drop sliding down the tilted surface and traveling a distance of

some centimeters, so that its motion law can be inferred (Figure 5.9b);
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c) views of nearly 4× 3 cm, with the capability of framing at the same time both

side and bottom views, giving an idea of the three-dimensional shape of the

drop. Moreover, the bottom view allows to reveal contact line movement

and behavior (Figure 5.9c).

Figure 5.9: Three possible zooming of the same drop by our experimental apparatus.

Acquired sequences were then analyzed o� line by a homemade programs,

written in LabVIEWwhich gives in output front/rear contact angles and front/rear

contact points for every frame; therefore the motion law and the drop length be-

havior can be reconstructed. The program at �rst �nds the drop contour compar-

ing the contrast di�erence between drop (dark) and background (bright). Then

it �ts the points found with polynomial of the fourth degree. Finally, using the

function obtained, it calculates the contact angles and the contact points between

surface and droplet, which will be discussed in following section.

5.4 Data elaboration of sliding droplets

The image sequences were analyzed from two di�erent points of view: at �rst, we

focused our attention on the behavior of water droplets sliding on the chemically

patterned surfaces by varying progressively the patterning and then we compared

the mean velocities of the droplets sliding on both patterned and homogeneous

surfaces as a function of the inclination angle α of the plane.
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5.4.1 Sliding droplets on patterned surfaces: stick-slip mo-

tion

Figure 5.10: Motion law in the stick-slip regime: a) front and b) rear contact points.
These data refers to the motion of a 40 mL water droplet on a patterned surface with
stripes 100 mm wide, having a slope of 35°. Stick-slip is characterized by a space peri-
odicity of 200 mm, the same as the pattern ones.

By observing the droplets during their sliding on the patterned surfaces we

detected a distinctive feature of the sliding: the droplets moved with jerking

motion that we refer as stick-slip motion. This was caused by the surface pattern,

made of alternating hydrophilic and hydrophobic stripes; the in�uence of the

di�erent wetting materials on drops motion appears evident: glass stripes are

traveled faster than OTS bands, as shown in Figure 5.10, where the position of

both the front and the rear contact points are plotted as a function of the time.

Moreover, comparing panels a and b of Figure 5.10, it is possible to notice that

the two contact points exhibit rather di�erent trends:

� the front contact point travels hydrophobic and hydrophilic bands with

di�erent velocities. Glass stripes are crossed faster than OTS stripes: OTS

hydrophobicity represents an energetic barrier to drops motion (see Figure

5.10a);

� the rear part is pinned on a glass stripe and when the front slides down a

su�cient distance, the front bulge attracts the rear part, which jumps on

the subsequent glass stripe (see Figure 5.10b).

In both cases, space periodicity is the same as the pattern periodicity; on the con-

trary, time periodicity generally changes during the motion: steps can be taken
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with di�erent velocities.

Moreover, stick-slip makes the drop shape not to be constant, as Figures 5.12

and 5.13 depict: the drop elongates when the front advances, because at the

same instant the rear is pinned; subsequently the droplet contracts as the rear

makes a sudden step forward. Therefore, the drop lengths "oscillates", generally

without following a regular continuous behavior: length increases and then sud-

denly diminishes, as plotted in the examples in Figure 5.11. This characteristic

trend may be drastically changed, depending both on the surface pattern and on

the drop instantaneous speed. In any case, the variations of the droplets length

are of the same order of magnitude as the pattern stripe dimensions.

Figure 5.11: Two examples of oscillations of drops length in the stick-slip regime: a) a
40 mL water drop on a surface patterned with bands of 100 mm, tilted of 35°; b) a 30 mL
water drop on a patterned with stripes 25 mm wide, with an inclination of 37.3°. The
di�erence between maximum and minimum length is of the order of the texture stripes
width.

5.4.2 Sliding droplets on patterned and homogeneous sur-

faces

After having evaluated the stick-slip behavior, we compared the mean velocities

of sliding, taken for patterned and homogeneous surfaces, with the aim to evalu-

ate the pattern in�uence. Kim et al. [142] observed that a droplet which slides on

tilted plane, moves with constant velocity. Moreover, �xed the �uid, this velocity

is directly proportional to the plane inclination α and to the static contact angle

θ of the surface. Therefore, to consider the possible in�uence of the pattern,

we had to compare the velocities related to patterned and homogeneous surfaces

sliding at the same θ. In particular, we used the three patterned surfaces real-
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Figure 5.12: Sequence of side view of a 30 mL water drop in the stick-slip regime on
a surface patterned with stripes of 100 mm, inclined by 45°. Time interval between two
consecutive frames is 1/30 s. The continuous red and the dashed blue lines indicate the
front and the rear contact points in the frame 1, respectively. The lines are kept �xed in
other frames to underline the droplet motion. In particular, the droplet front proceeds,
for a while the rear contact position does not change, until frame 18 (elongation), where
it takes a sudden step of almost 200 mm (contraction). This new position is maintained
up to frame 29 (elongation), where the rear jumps again (contraction).
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Figure 5.13: Sequence of contact line (bottom view) of a 30 mL water droplet in the
stick-slip regime on a surface patterned with stripes of 100 mm, with a slope of 45°. Time
gap between two successive frames is 1/30 s. These images correspond to the frames in
Figure 5.12. Like in that case, the continuous red and the dashed blue lines indicate the
front and the rear contact points in the frame 1, respectively. In some frames the rear
part of the contact line is not visible because it becomes very thin and the contrast is
not enough high. However the rear position can be determined through the comparison
with the corresponding side view.
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ized, which showed contact angles of 81°÷ 84° and the homogeneous glass surface

functionalized with TMS (θTMS =82°± 2°). Considering the contact angle errors

listed in Table 5.2, we could consider that all had the same static contact angle.

In Figure 5.14 the mean velocity U is plotted as a function of the increasing

inclination angle of the plane, for the di�erent patterned and homogeneous sur-

faces. As expected the U grows with α, but there is a large di�erent between the

heterogeneous and the homogeneous cases. In particular, in the heterogeneous

cases, U is always smaller than in the second case, although the apparent contact

angle was the same (about 82°). Such behavior was found also for 40 mL drops.

Figure 5.14: Mean velocities as a functions of inclination angles α: velocities are much
lower on patterned surfaces than on homogeneous surfaces. This graph refers at volume
drops of 30 mL.

5.5 Dissipation at the contact line

A comparison between the motion on homogeneous and heterogeneous surfaces

revealed strong di�erences in the mean velocities at the same inclination angle of

the plane α, as shown in Figure 5.14. In detail, we observed that for a given con-

tact angle θ, the mean velocity is always much slower on heterogeneous surfaces

than on homogeneous substrate. This is not predicted by the model introduced
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by Kim et al. [142], suggesting that, it is due to the presence of the pattern. In

particular, we think that these di�erent velocities are caused by the dissipation

on the contact line of the droplet, which is continuously deformed during the

sliding on patterned surface. In other words, we think that the deformation of

the contact line during the stick-slip introduces an extra-friction between droplet

and substrate, missing on the homogeneous surface.

5.6 Conclusions

Inspired by the work of Limat et al. [51], we compared the behavior of sliding

droplets on homogeneous and chemically patterned surfaces, with the aim to

control their motion. In particular, in this Chapter we described how we op-

timized an usual apparatus for contact angle measures, to a more articulated

setup, allowing to record the droplet motion from two di�erent points of view

at the same time, notably droplet pro�le and contact line. Then we realized

di�erent chemically patterned surfaces by microcontact printing procedure, com-

prising master production (through photolithography), PDMS stamp realization

(by replica molding) and microcontact printing. The �nal result was a set of

micropatterned surfaces featuring hydrophobic stripes (OTS layer zones) alter-

nated with hydrophilic stripes (uncoated glass bands) and di�erent stripe widths.

Moreover, we functionalized a glass surface in homogeneous manner, in order to

obtain a surface having the same contact angle of the patterned ones previously

described (θ ' 82°).

By observing droplets sliding on patterned surfaces, we noticed that they showed

the stick-slip motion, which featured the same space periodicity of the texture.

As a consequence, drop shapes were not constant, but it were subjected to discon-

tinuous oscillations, causing the contact lines to be continuously modi�ed during

the motion.

Finally, we showed that, for a given static static contact angles, the droplet mean

velocity was much slower on heterogeneous surfaces than on homogeneous sub-

strate. We tried to give a reasonable interpretation of that e�ect, ascribing to

the dissipation on the contact line. To validate this insight, we will compare our

results with Lattice Boltzmann numerical simulations.

With this work, we demonstrated that chemical patterns strongly a�ect drop
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dynamics and we can state that a surface with areas of di�erent wettability can

be employed to facilitate the control of drop motion. Taking inspiration from the

work of Brunet et al. [27], described in the Introduction of this Chapter, we also

aim to couple the patterned surfaces and the oscillation provided by an external

shaker. In detail, the oscillation system will provide the driving force to move

the droplets, which can follow patterns drawn on the surface. We think that this

idea promises to be a suitable way to easily and completely control the dynamics

of the drops both on horizontal and tilted surfaces.
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Chapter 6
Droplet production in T-junction device

This Chapter presents the generation of droplets using T- shape junctions, follow-

ing the approaches of [62, 64, 66]. The attention has been focused on the tuning

of the correct parameters necessary to produce control sequences of droplets with

narrow distribution in size. In detail, this Chapter describes the microfabrication

strategies used to produce the devices, their characterization and the interaction

with the liquids, focusing on the swelling problem of PDMS microchannels. Fi-

nally, some results regarding the distribution in size of the droplets are presented.
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6.1 Introduction

In the previous Chapters we discussed droplets in open micro�uidic systems, how-

ever in literature the droplet production is more di�used in closed microchannel

and di�erent types of geometry are used, as illustrated in Chapter 1. Despite a

so large di�usion of these systems, the control of the droplets in microchannels

is not completely understood. With the aim to study the in�uence of di�erent

channel geometries on the droplets manipulation, we considered, at �rst, their

generation with T-shape junction devices.

6.2 Microfabbrication of T-junction devices

We made micro�uidic devices, characterized by di�erent height h, having T-

shape junction to produce water droplets in an organic phase, namely "oil". In

particular, we realized T-junctions, where the channel width of the dispersed

and continuous phase (wc and wd respectively) had the same dimensions equals

to 50 mm, as shown in Figure 6.1. The production process followed the same

double step approach described in Chapter 4: �rst, we made SU-8 masters by

photolithography and then we obtained the �nal samples in PDMS by double

replica molding. Finally, the channels were closed with a glass slide covered with

a thin layer of PDMS (about 40 mm) and three polyethylene tubes were �xed as

inlets. Following sections desribes in details the sample production.

Figure 6.1: Scheme of a T-junction device. Normaly oil and water are pumped
from inlet 1 and 2, respectively. While the inlet 3 is used to transport the pro-
duced droplets. wc, wd and h are the widths and the height of the channels.
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6.2.1 T-shape master production by photolithography

The photolithography process is realized following the same procedure described

in Chapter 4. In particular, for this case we used masks, provided by Delta Mask,

realized depositing on glass a thin chrome �lm [143]. As in the previous cases,

the entire master production was performed in an ISO-7 clean room. At �rst we

cleaned the silicon wafer and then we spun SU-8 2050 at di�erent rpm (revolutions

per minute) to obtain di�erent �lm thickness (see Table 6.1 for details). Then,

the samples were prebaked on hot plate for about 5 min at 60°C and for about 25

min at 90 °C to evaporate the solvent of the photoresist. Next, they were aligned

on a mask and exposed to UV-light (365 nm) for 30 sec. During the alignment

of the mask, a small drop of water was put in the gap between the mask and

the resist layer to ensure a small change of the refractive index, as described in

Chapter 4. During the exposure phase the polymerization starts in the exposed

regions of the SU-8. Further, polymerization was catalyzed by heat during the

post exposure bake for 5 min at 60 °C and then for 15 min at 90 °C. After that,

the non polymerized photoresist was washed by MicroChem's SU-8 Developer for

about 10 minutes. Afterwards a hard bake at 100 °C for about 30 min was �nally

carrier out, leading to a higher robustness of the sample. During all the baking

steps the temperature was increased and decreased using thermal ramps, in order

to avoid mechanical stress in the photoresist layer due to the large temperature

gradient. Finally, the sample was treated trichloroper�uorooctylsilane (FOTS) to

create an anti-sticking layer allowing to peel o� the PDMS replica in the next step,

as described in Chapter 3. With this method we were able to realized positive

SU-8 masters; therefore the microchannels were digged in the SU-8 �lms and we

had to use double replica molding to obtain the PDMS devices, as described in

the following section.

6.2.2 Replica molding and closing channels

The masters made in this way, were replicated by standard double replica molding

technique as described in Chapters 3 and 4. Di�erently from that case, we did

not put any metallic wire to create the input channel, rather we applied three

holes to the second replica, one for each inlet. Every channel was closed with

glass slide covers with a thin �lm of PDMS. In detail, the glasses were cleaned
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using distilled water, acetone, ethanol and UVO-cleaner (30 minutes) and then,

were spin coated (1500 rpm) with PDMS to obtain a thickness of about 40 mm.

Next, they were placed on a hot plate for about 10 minutes at 80°C to ensure

that the PDMS was almost completely cured. To activate both PDMS surfaces,

we placed the glass slides and the PDMS structure, with the punched holes, in

the UVO-cleaner for 1 min. The resulting hydroxyl groups on the two surfaces

were then able to form covalent bonds and so, the surfaces were put into contact.

To support the formation of the bonds, heat (100°C for 2 h) and small pressure

(about 150 mbar) were applied. In this way we guaranteed homogeneous wetting

properties on all the inside borders. Finally, the polyethylene tubes with an inside

diameter of 0.5 mm and an outside diameter of 1 mm were �xed inside the holes

previously made. The inlet tubes inserted were sealed with PDMS. The result

can be summarized and visualized in Figure 6.2.

We produced three T-junctions (T1, T2, T3), summarized in Table 6.1, with

Figure 6.2: a) Scheme and b) picture of a T-junction produced by soft-lithography.

channels having di�erent aspect ratio `, between height h and width w (`=h/w)

to study the swelling e�ect. The height h of the channels summarized in Table

6.1 were measured by the pro�lometer Tencor P10.

Spin velocity (rpm) Exposure (s) w (mm) h (mm) `
T1 6500 30 50 16 0.32
T2 3500 30 50 23 0.46
T3 1500 30 50 44 0.88

Table 6.1: Channel production parameters.
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Figure 6.3: a) Schematic overview and b) picture of the experimental setup. Two
syringe pumps are connected to the inlets 1 and 2, while the inlet 3 is connected to a
tube which ends in a glass beaker with distilled water.

Figure 6.4: Principal steps of image processing: a) image of a empty channel; b)
image of a droplet inside the channel; c) from them di�erence the droplet edges
is obtained, which is used to calculate its length.

6.3 Experimental setup

The experimental apparatus is shown in Figure 6.3. It is composed by a CMOS

camera (MV-D1024E Camera Link) mounting a 40× objective (phase contrast

Olympus LWDCD Plan) assembled just behind the device. The device is �xed

at a speci�c support movable by three translator stages and it is illuminated by

a white led backlight. The image is observed in real time in a computer setup.

A software manages the camera properties setting both the time exposition and

the lag time between two frames, changing consequently the frame rate at which

the camera works. Then, the image sequences were analyzed o�-line with a

homemade program realized with LabVIEW. All the images of every sequence

are subtract to the channel without droplets. At this point, their lengths are

measured evaluating a threshold between dark (droplet border) and white pixels,

as shown in Figure 6.4. The �nal droplet length of every sequence L, is calculated

as the average of the droplets detected.

The micro�uidic device is �lled by two syringe pumps (Harvard apparatus

PHD2000) connected to the inlets of the microchannels to �ow oil and water,
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represented in Figure 6.1 as 1 and 2, respectively. Moreover, during the ex-

periment, we used also MFCS-Maes�ow pump from Fluigent, that delivers high

accuracy pressure control in a microchannels (0.1% of full scale) and measures

the resulting �ow (up to 7 mL/min) [144]. In particular, the version present in the

laboratory has four indipendent feed channels and can monitor a range of pres-

sures between 0 and 25 mbar relative to atmospheric pressure, with a stabilization

time less than 1 second. The pressure control, usually very critical working at

so small pressure variations, is reliable thanks to special patented technology,

based on the management of air pressure instead of the water pressure: the gas

is pressurized in the same container with the liquid, therefore, controlling the gas

pressure, also the water pressure is automatically controlled.

The MFCS pump was used to characterize the channel resistances during the

swelling (see Section 6.5). In detail, we applied a pressure gradient between the

inlet 3 and the inlets 1 and 2, producing a �ow, as shown in Figure 6.5. Measuring

the �ow, we were able to calculate the channel resistance in analogy to Ohm's

law, described in Chapter 1. For the smallest channel (w=16 mm) the pressure

supplied by MFCS pump was too small to drive a measurable �ow and pressures

above 25 mbar were needed. Therefore, for this channel, we used a manual valve

to impose pressures up to 600 mbar.

Figure 6.5: Schematic overview of the experimental setup for the channel resis-
tance characterization.
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6.4 Fluids used

To produce water droplets, we had to choose an organic solution as continuous

phase and we chose hexadecane (provided by Sigma-Aldrich) for several reasons.

The channel walls, made of PDMS, are hydrophobic and hexadecane has a low

surface tension (γ=26.952 mN/m), that enable to wet the channels [145]. More-

over hexadecane has a small viscosity (2.89 mPa s at 27 °C) compared to other

�uids normally used for this application (e.g. mineral oil) [145]. Furthermore its

surface tension can be easily adjusted using Span 80 as surfactant.

An undesired property of hexadecane is that it swells PDMS, as most of the or-

ganic solvents (see Chapter 2). Dangla et al. [2] suggested that because of the

swelling, the channel diameter can decrease as much as 30%. This work was done

using channels with w = 1 mm and h = 50 mm (`=h/w=0.05) . However, we were

not sure that this conclusion was valid also in our microchannels, having them

an aspect ratios larger than one order of magnitude(see Table 6.1). Therefore,

we decided to evaluate, on a quality level, their swelling ratio. To do that, we

considered that the �uidic resistance R, de�ned in Chapter 1, is a function of

the channel geometry and so it can be used to estimate the channel deformation.

We measured the resistances of our channels before and after the swelling, using

MFCS-Maes�ow setup connected as described in Figure 6.5. Moreover, the same

strategy was used to �nd which was the time needed for the swelling to reach

equilibrium. This was relevant because it was the minimal waiting time prior to

start the droplet production.

We mixed hexadecane with Span 80 for reducing the surface tension [146]. In this

way, hexadecane can wet PDMS surfaces much better and the droplet production

is facilitated. In fact, we experimentally observed that without surfactant it was

not possible to create stable droplets. Another surfactant e�ect is the change of

the surface tension γ between hexadecane and water. In particular, it decreases

from 58.0mN/m (no surfactant) to 3.2mN/m, measured at the critical micelle

concentration (0.03 wt.%) [146]. Changing the surface tension, also the capillary

number Ca is modi�ed. As described in Chapter 1, Ca is a critical parameter to

drive the droplet breaks-up from squeezing to dripping regime.

In all the experiments presented we used a concentration of 0.2 wt.% of Span 80

in hexadecane. This value was chosen after having tried di�erent concentrations.
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At smaller concentration, the droplet production was not stable and, with larger

concentration, a lot of micelle were observed, meaning that part of the surfactant

was not necessary. For this concentration γ=3.2 mN/m, because over the critical

micelle concentration, the Span 80 do not have e�ect on it [146].

6.5 Swelling measures and droplet observations

At �rst we evaluated the swelling ratio of PDMS microchannels due to hexade-

cane. Once quanti�ed the problem, we started to produce water droplets in

hexadecane, observing the two main regimes of droplet formation in T-junction:

squeezing and dripping. Finally, we generated droplets with various lengths and

evaluated them monodispersity.

6.5.1 Swelling of PDMS

Swelling of the channel in time

To investigate the time scale for the swelling of PDMS, we measured the volu-

metric �ow of hexadecane through the microchannel T3 with a height of 44 mm,

applying a constant pressure of 25 mbar. Figure 6.6 shows how the equilibrium

shape is reached after 10 minutes. As we believe that this equilibrium time is

characteristic for all channel geometries and to ensure a complete swelling, we

pumped pure hexadecane for at least 20 min before starting with the droplet

production.

Measurement of the hydrodynamic diameter

We measured the hydraulic resistance R for both water and hexadecane, passing

through the three di�erent channels. To do that we applied various di�erence of

pressures in the channel ∆P and we measured the resultant �ows Q. Then, we

plotted ∆P as a function of Q and �tted the collected data with a linear function.

Being R the slope of the �t, we found two di�erent hydraulic resistances of the

channel for water Rw and hexadecane Rhex. Since the viscosity of the two liquids

were known for the measured temperature (T = 27°C), we assumed that the

changes were due to a change of the hydraulic radius r caused by the swelling

of PDMS. Considering the Hagen-Poiseuille Equation 1.3, the ratio between the
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radius before r0 and after r the swelling process can be calculated as:

[htbp]
r

r0
=

(
Rw

Rhex

µhex
µw

)1/4

(6.1)

where µhex and µw are the dynamic viscosity of hexadecane and water, respec-

tively. In Table 6.2 are reported the values obtained on the three channels. It is

possible to observe that, the swelling ratio is higher on the channel having the

highest aspect ratio (T3, `=0.88), while there is not so much di�erence between

the other two channels (T1, `=0.32 and T2, `=0.46). Probably this is due to

the fact that glass slides prevent the channel from changing geometry and so the

swelling is not homogeneous. But the real �nal channel shape is rather trape-

zoidal with a curvature on the walls bending inwards into the channel (see Figure

6.7). This explains the fact that, for smaller heights, meaning in turn smaller `,

less swelling is observed.

Figure 6.6: (Top) T-shape junction of PDMS �lled with hexadecane. In the pic-
tures the channel width is reduced by the swelling as in contact with hexadecane:
a) before the contact b) after 22 s c) after 50 min. (Bottom) Relative radius
(r/r0) of the channel measured during the swelling.

Since the global channel resistance increases signi�cantly with the decreasing of

r, we chose to work with the channel having original width of 23 mm, to reduce
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the stability problems of the devices. We observed that the maximum pressure

applicable in these channels was of about 3 bars. For higher �ow rates, the chan-

nels did not damage, but the connecting tubes detached from the PDMS devices.

Figure 6.7: (Color online) Schematic possible swelling of the channel, in red (dark)
is drawn the swelled PDMS.

`=h/w Rw [mbar·min
µL

] Rhex [
mbar·min

µL
] r/r0

T1 0.32 52±1 399±160 0.8±4
T2 0.46 20.1±0.1 148±2 0.8±0.2
T3 0.88 4.89±0.03 101±10 0.6±1

Table 6.2: Comparison of hexadecane induced swelling for channels of di�erent `.

6.6 Droplet production and analysis

In this section some preliminary results of the droplet production by T-junction

device are presented. At �rst, the procedure used to acquire the image sequences

is described, then we evaluated the squeezing and the dripping regimes of droplet

breaks-up at the di�erent Ca and �nally, the droplet lengths are analyzed as a

function of the �ow rates.

6.6.1 Generating droplets of water in hexadecane

To start the �lling of channels and guarantee a clomplete swelling before produc-

ing droplets, we followed this procedure: at �rst, a polyethylene tube is connected

to the inlet 1 from one side and to the syringe from di other. Moreover, it is �lled

with 30 mL of pure hexadecane, while the syringe is �lled with hexadecane and

Span 80 (at 0.2 wt.%), as shown in Figure 6.8a. Prior to the droplet production,

a hexadecane �ow of 1 mL/min swells the PDMS channel walls for at least 20

minutes (see Figure 6.8b). At this point, water is inserted using a low �ow rate
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Figure 6.8: Scheme of the T-junction during the �rst �lling of the liquid before
to start the droplet production. a) The syringe was �lled with hexadecane and
Span 80, while the tube onlty with pure exadecane, leaving a gap of air to do not
mix the two �uids. In this way, it was possible to �ll the channel b) at �rst with
pure hexadecane, c) then with water and d) �nally with hexadecane with Span
80, without disconnect the tubes.

of 0.3 mL/min to stabilize the pressure at the T-junction before the arrival of

hexadecane with Span 80 (Figure 6.8c). When hexadecane with Span 80 �uxes,

the formation of stable droplets is observed (Figure 6.8d). During the image

acquisition, hexadecane �ow rate was kept constant and the water �ow was in-

creased step by step waiting 5 minutes after every change, to be sure that the

droplet production was stable. Then, after acquired the foreseen image sequences

for one �ow rate of hexadecane, this rate was increased too and the �ow of water

was set to the minimal rate again. Water �ow was then increased step by step.

This procedure was performed for several combinations of �ow rates and for each

combination of them, a sequence of 700 images was acquired using the digital

camera, setting a frametime of 3.06 ms and an exposure time of 2.02 ms, acquir-

ing in consequence about 196 fps. Finally, the image sequences were analyzed by

the program describe in Section 6.3 to obtain the droplet lengths.

6.6.2 Discussion of squeezing and dripping regimes

At a �rst view of the acquired image sequences, it was possible to distinguish

between the two regimes of droplet breaks-up: squeezing and dripping, showed

on left and right sides of Figure 6.9, respectively. In particular, in the squeezing

regime, the forming droplet �lls the entire channel and afterwards, the increasing

excess pressure deforms the droplet until leads to break-up. While, in the dripping

case, the shear stress pushes the droplet that do not touch the opposite channel

wall.
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Figure 6.9: On the left side it is reported an example of squeezing at the �ow rates
Qd = 20 nl/min and Qc = 400 nl/min is shown. On the right side is presented an
example of dripping with the �ow rates Qd = 10 nl/min and Qc = 850 nl/min.

To verify if our results were consistent with the critical capillary number for

the transition from squeezing to dripping introduced in Chapter 1 (Ca∗=0.015),

we calculated Ca for our systems. Because this value depends from the cross

section of the channel, we needed a good estimation of that after the swelling

process. Therefore, we considered the hydraulic radius of the original channels

r0 and we calculated the new hydraulic radius after the swelling r, using the

analysis described in Section 6.5.1. Therefore, the Ca values for our systems was

calculated as:

Ca =
µcQc

γ (πr2)
(6.2)

where γ is the surface tension between water and hexadecane with Span 80 (3.2

mN/m), Qc and µc are the �ow and the viscosity of the continuous phase, respec-

tively. Therefore, in the squeezing regime illustrated on left side in Figure 6.9, Ca

was 0.008, while in the dripping on right side, Ca was 0.017. The two values are
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respectively smaller and larger than the critical capillary number Ca∗=0.015 [65],

con�rming the validly of our consideration.

6.6.3 Analysis of the droplet lengths

The droplet length L was calculated as the average of all the detected droplets

for every sequence. This analysis showed that the droplets produced in our T-

junction can be reasonably considered monodispersed with standard deviations

σ comprised between 2% and 5% of L. Figure 6.10 shows an example of this

Gaussian distribution. Having veri�ed that our droplets were su�ciently mono-

Figure 6.10: The histogram shows the total number of droplets detected in one of
the image sequences and �tted with the Gaussian function (continuous line). The
average length L is 114.4 mm and standard deviation σ is 1.8 mm. The droplets
were produced with the �ow rate combination Qc = 600 nL/min and Qd = 150
nL/min.

dispersed, we observed the relation between their lengths and the �ow rates. The

results are shown in Figure 6.11. It is possible to observe that smaller �ow ratios

(Qd/Qc) result in smaller droplets and that higher �ow rates of the continuous

phases, represented by di�erent symbols, seem to lead to smaller droplets.

Working with this channel, it has been possible to produce droplets with lengths
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from 70 to 350 mm. The limitation was given by the maximal camera speed; as

a matter of fact, using the CMOS camera described in Section 6.3, it was not

possible to acquire faster images than the which indicated, because we would not

see the dynamics inside the channels.

Figure 6.11: Droplet length as function of �ow ratio Qd/Qc using di�erent �ow
rates.

6.7 Conclusions

This Chapter describes a work focused to de�ne all the ingredients necessary

to produce monodisperse droplets at di�erent �ow rates. To do that we fabri-

cated three types PDMS T-junctions with di�erent aspect ratios, by photo- and

soft-lithographic techniques. Their geometry was investigated during the swelling

caused by the hexadecane. In particular, we �xed the time necessary to reach an

equilibrium shape and we observed the swelling for three di�erent microchannels,

highlighting that it is larger for channels with larger aspect ratio `.Considering

that, we chose the channel T2, with a height of 23 mm, because it did not appre-

ciably swell and it was large enough for avoiding problems of �lling related to the

hydraulic resistance. This channel was used to produce monodisperse droplets of

di�erent size.
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After the development of this reliable protocol for production of droplets in T-

shape junction, we started to study their interaction with obstacles, as innovative

way for tuning their break-up. As introduced in Chapter 1, posts and defects

inside of microchannel can induced the droplets break-up. Indeed, for inducing

the splitting, the most common way consists in crashing droplets on post placed

in a center of the channels over a critical of velocity [71,147]. We believe that the

droplet break-up can be achieved also using obstacles placed on the side of the

channel, for example like those described in Appendix B. In this case the break-up

might be introduced by the deformation that the droplet su�ered in proximity of

the obstacles. Figure 6.12 shows a preliminary experimental results of this kind

of break-up, which is obtained using a rectangular obstacles placed on the border

of the channel. The aim of our study will be to compare the di�erent strategies

to split droplets, considering which is the most e�cient.

Figure 6.12: Droplet break-up in proximity of a rectangular obstacle placed on
the border of the channel.



Chapter 7
Changing the wetting of thiolene

micro�uidic materials

In all the works presented in the previous Chapters, wetting plays a crucial role

for reaching the objectives set. Sometimes it is fundamental to have the possi-

bility to tune the wettability proprieties of a material in a versatile way. In this

regard, this Chapter presents a functionalization method for the control of the

wettability of thiolene resins, in particular of the commercial available Norland

Optical Adhesives, commonly named NOA. In particular , treatment of open sur-

faces or closed microchannels with chlorosilane derivatives are shown. Moreover,

the experimental �ndings are con�rmed by the fabrication of a Y-junction device

that works as a passive valve for water streams.
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7.1 Introduction

In Chapter 6, we described the production of water droplets in organic phase. To

do this, we choose to work with PDMS microchannels, which presents a hydropho-

bic character. While, as introduced in Chapter 1, to generate emulsion of organic

phase in water, it is necessary to make channels with hydrophilic materials: these

are examples of single emulsions, where one single phase is dispersed in the other.

In micro�uidics it is also possible to generate double emulsion droplets, conve-

niently combining the wettability proprieties of the microchannels [148]. This

means that it is possible to create for example water droplets, covered with an oil

layer and �nally immersed in a water phase. To do this, the are two possibilities:

microchannels are made of two di�erent materials, one hydrophilic and the other

hydrophobic [149], or the wettability of the material used is arbitrary changed in

di�erent parts of the microchannel [150,151]. For these reasons, from the micro-

fabrication point of view, it is very important to have di�erent strategies to tune

the wetting of the typical materials used in micro�uidics.

The material always present in the microfabrication strategies described in

the previous Chapter is PDMS. Despite it is also the most common material in

micro�uidics, the elastic nature and the swelling problem reduce its range of ap-

plication. Other current materials for micro�uidic applications are the thiolene

resins (ThR) and in particular the Norland Optical Adhesive, known as NOA,

described in Chapter 2. Compared to PDMS, NOA presents distinctive character-

istics, such as i) a greater solvent resistance to swelling; ii) a much higher elastic

modulus; iii) a smaller auto�uorescence background; iv) impermeability to air and

water vapor [91]. For these reasons, a variety of micro�uidic devices have been

made with ThR, to exploit the aforementioned features [88,90,133,152�156].

Regarding the wettability proprieties, NOA presents a slightly hydrophilic be-

havior, being the contact angle about 70° and despite its large di�usion, only

few papers investigate the possibility to tune its wetting [153, 154]. Moreover,

in these works, oxidation of open ThR surface by exposure to either oxygen

plasma or short wavelength UV radiation, decreased the water contact angle of

the resin which however, may recover slowly to the initial value. In this chapter,

we present a simple and stable post-functionalization protocol to tailor the wetta-

bility of NOA surfaces, using chlorosilane chemistry [157]. In detail, hydrophilic
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and hydrophobic surfaces were obtained both in open and closed chip geometries.

7.2 NOA composition

There are various formulations of NOA, which are di�erent in their mechanical

properties and curing time, but have the same chemical composition. In this work

we chose NOA81 and NOA63 mainly because, the �rst has a very short curing

time, compared to other NOA products and the second is optimized to prepare

thick pieces.

A mixture of 1,1,1-tris(mercaptomethyl)- propane (1), trimethylolpropane diallyl

ether (2), isophorone diisocyanate ester (3) and benzophenone photoinitiator (PI)

is generally accepted for NOA products [156], as shown in Figure 7.1. The expo-

sure to UV radiation (365nm) causes the production of a radical on the PI, the

formation of thiolene bonds (between 1 and 2) and thiourethane bonds (between

1 and 3) are expected to happen, while the hydroxyl group in 2 should in prin-

ciple survive and be available for post-functionalization. Figure 7.2 reports the

3750-2000 cm−1 region of the FT-IR spectra of a thin layer of NOA81 undergoing

successive exposition to UV radiation [158]. The progressive disappearance of the

bands at 2572 and 3084 cm−1, assigned to the S-H and allyl C-H stretching, re-

spectively, con�rm the polymerization route described. The area at around 3500

cm−1, typical for the stretching of hydroxide groups, presents somewhat weak

peaks that are more di�cult to evaluate, but appear not to be in�uenced by the

exposition.

Figure 7.1: NOA components: 1,1,1-tris(mercaptomethyl)-propane (1), trimethylol-
propane diallyl ether (2) and isophorone diisocyanate ester (3).

The presence of hydroxide groups on surfaces is typical for many inorganic mate-

rials, such as silicone or glass. A typical reaction used to anchor organic molecules

to such surfaces is the condensation of hydroxide groups with chlorosilanes, yield-

ing a siloxane bond with the release of hydrochloric acid, as reported in Figure 7.3.
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Figure 7.2: FT-IR spectra of NOA 81 resin upon UV exposition at 354 nm for dif-
ferent amounts of time. The disappearence of signals at 2572 cm-1 (S-H stretching)
and those at 3084 cm-1 (C-H bonds stretching on allyl groups) is due to the thiol-ene
polymerization reaction.

Figure 7.3: General scheme of condensation reaction of a chlorosilane with an hydroxide
group.

In chapters 5 we used this strategy to functionalize glass surfaces with octadecyl-

trichlorosilane (OTS) in order to get a hydrophobic character. On the other hand,

chlorosilanes with polyethylene glycol moieties can be used to get a hydrophilic

character at the material. Having considered that, we thought to change the

wettability of NOA surface using these molecules; in particular we chose OTS

(from Sigma-Aldrich) and 2-methoxy(polyethylenoxy) propyl trichlorosilane (or

PTS, from ABCR GmbH).

7.3 Microfabrication details

To test experimentally our considerations, we prepared three types of samples to

functionalize: 1) NOA spin coated on glass slides, 2) microchannels made with

NOA and 3) Y-junction to demonstrate a possible application of this work, see

Figure 7.4.
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Figure 7.4: Y-junction demonstrator chip. The bottom channel, leading to inlet C,
was treated with PTS to become hydrophilic. The one leading to inlet B was treated
with OTS to become hydrophobic.

1) NOA on glass slides

NOA81 was spin coated on glass slides at 3000 rpm (revolutions per minute) and

exposed to UV irradiation at 365 nm for 30 min using a 150 W lamp. The UV

curing was followed by an overnight thermal annealing at 50 °C on a conven-

tional heating plate. Following this procedure we realized three samples. Two of

them were treated with OTS and PTS solutions, following described, while the

third was used to compare the results (prestine sample). In parallel, solutions

of OTS and PTS in toluene (5% v/v) were prepared. The �rst two �at NOA81

surfaces were dipped for 15 min in the solution of interest, then thoroughly rinsed

with toluene, isopropanol and dried under a nitrogen �ow. Finally, the samples

obtained were used to measure their static contact angles and the results are

reported in next section.

2) Fabrication of NOA microchannels

In order to test the functionalization procedure also on closed channels, two

microchannels with a rectangular cross section (500×200 mm) were fabricated by

double replica molding of SU-8 master produced by photolithography technique

[91]. At �rst, we obtained its negative replica in PDMS, which was used as a

mold to realize the �nal channel with NOA63. In this last case the polymer

curing was performed by UV-exposure. To close the microchannel, a �lm of

NOA63 was spun on a transparent plastic foil and the two parts were sealed



137

together. The functionalization was carried out by �lling the channels with the

solutions described above for about 5 min, followed by rinsing with toluene and

isopropanol, and drying with a nitrogen �ow.

3) Fabrication of the Y-junction

We produced a demonstrator device with a Y-shape junction, see Figure 7.4 [157].

The channel corresponding to the intlet B was treated with OTS, while the other

chennel corresponding to the intlet C, with PTS. In this way, an incoming water

stream from A should be forced to �ow through the hydrophilic channel. In order

to treat the two channels with di�erent chlorosilanes, a steady nitrogen �ow was

plugged into inlet C, while the OTS solution was injected with a syringe into

inlet B. The nitrogen �ow assured that accidental extra-volumes of chlorosilane

solution could �ow towards inlet A, rather than contaminate the surfaces of the

other channels. The chlorosilane solution was left in contact with the conduit

walls for 5 min, and then removed with a syringe, while toluene was �ushed

through inlet A without stopping the nitrogen �ow. After extensive �ushing

with toluene, the nitrogen �ow was moved to inlet A and the PTS solution was

injected through inlet C. In this case, the extra amount of PTS solution would

�ow towards inlet B, where the conduit had previously been functionalized.

7.4 Characterizations and results

Figure 7.5: Pro�les of water droplets deposited on ThR surfaces: a) PTStreated; b)
untreated; c) OTS-treated.

Flat ThR model samples, functionalized with OTS and PTS, were character-

ized by water drop contact angle. Figure 7.5 shows three examples of pro�les

recorded: ThR surface treated with PTS (a), untreated (b) and treated with

OTS (c). Contact angle values are reported in Table 1. The experiment was

repeated on more than three samples and once a month over a three month pe-

riod, in order to study the stability in time of the functionalized surfaces. As
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it is possible to see from Table 7.1, the functionalization procedure enabled the

modulation of the NOA contact angle, which was shown at about 70°C (untreated

surface), at about 45°C (PTS-treated surface) and at about 110°C (OTS-treated

surface). The standard deviations of these data was relatively low, suggesting a

homogeneous functionalization of the surfaces. Additionally, water contact angles

changed slightly over the months, without any monotonic tendency towards the

starting values.

Pristine NOA
Month 0 Month 1 Month 2

Sample n° contact angle (°) contact angle (°) contact angle (°)
1 70± 2 69± 1 74± 2
2 68± 2 69± 1 72± 1
3 72± 2 75± 1 71± 1

PTS-treated
Month 0 Month 1 Month 2

Sample n° contact angle (°) contact angle (°) contact angle (°)
1 44± 3 46± 1 46± 3
2 49± 3 50± 2 53± 2

OTS-treated
Month 0 Month 1 Month 2

Sample n° contact angle (°) contact angle (°) contact angle (°)
1 114± 3 115± 3 111± 3
2 110± 2 111± 3 106± 6
3 111± 2 110± 2 113± 2

Table 7.1: Observed water contact angles, calculated by averaging 5 measures carried
out on random positions over the sample having a size of 2× 2 cm. The errors reported
were calculated as the standard deviation and so they are a way to quantify the surface
uniformity.

The experimental setup described in Chapter 6 was employed to observe the wa-

ter�air meniscus during the �lling of closed channels. In detail, using the Fluigent

pump we blocked the water/air meniscus inside the channel to measure its contact

angle at lateral border, as shown in Figure 7.6. The results are reported in Table

7.2; the measured contact angles were practically the same of the ones obtained

in open con�guration. Additionally, we measured the �lling velocity of the water

in the empty channel. Since it is basically in�uenced by the static contact angle,

we expected to observe di�erent behaviors for di�erent treated channels. In de-

tail, we applied a constant di�erent of pressure of 15 mbar and we measured the
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Figure 7.6: Water contact angle at the water�air meniscus in a microchannel: a) PTS-
treated; b) untreated; c) OTS-treated. Water enters the conduit from the left in all the
pictures.

meniscus velocities. The results are listed in Table 7.2, reporting, as expected,

that the meniscus moving faster in the hydrophilic channels (PTS-treated) and

slower in the hydrophobic ones (OTS-treated).

Contact angle (°) Filling rate (mms−1)
Channel 1 Pristine 70±5 4.6±0.1

OTS-treated 112±5 2.2±0.2
Channel 2 Pristine 72±5 4.7±0.1

PTS-treated 40±5 5.6±0.1

Table 7.2: Static water contact angles at the water�air interface and �lling rates mea-
sured upon application of a 15 mbar pressure to the water �ow.

An application of the functionalized surfaces so far described was developed by

treating two �arms� of a NOA-made Y-junction with di�erent chlorosilanes, thus

obtaining their hydrophilic and hydrophobic characters. A scheme of this device

is shown in Figure 7.4. Water was pumped into inlet A and once at the junction,

it passed through the hydrophilic channel and stopped in the hydrophobic one.

Figure 7.7 shows a series of frames with a water front at the Y-junction. This

device can work as a static valve. However, we observed that once the channel

C was full of water, channel B started �lling; this happened because of the

pinning of the meniscus at the outlet, which was made with Te�on (which shows

hydrophobic character).
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Figure 7.7: (color online) Water behaviour at the Y-junction. The red dot indicates
the hydrophilic channel, whereas the green dot indicates the hydrophobic one. The
water front, where visible, is highlighted by a red dashed line.

7.5 Conclusions

This Chapter it described a stable and versatile strategy that allows the modi�-

cation of NOA surface in order to control its wettability. In particular, chlorosi-

lane/�OH interfacial chemistry was used to control the resin surface wettability

by choosing di�erent trichlorosilane derivatives. In detail, we used OTS and PTS

to get hydrophobic and hydrophilic characters, respectively. We observed that

the water contact angles were stable for months, keeping the samples in ambient

conditions.

The method was also successfully employed to modify closed channels and was

proved useful for the fabrication of passive micro�uidic valves. We think that

this general strategy can be expanded to other chlorosilanes to create a vari-

ety of functional surfaces especially useful for generating multiphasic droplets in

micro�uidic devices.
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Conclusions

In this thesis, we have investigated interfacial phenomena related to micro�u-

idics of droplets, both in case of open and closed devices. Indeed, despite their

huge di�usion, these systems present several open questions that are due to the

complexity of the interfacial phenomena which are involved. One of the most

important goals in micro�uidics of droplets, is the their complete motion control.

For achieve this, it is crucial to know the device surface proprieties, both from

chemical and physical point of view. For this reason, we have �rstly studied the

di�erent shape of droplets con�ned on pillars having circular and square cross

sections and di�erent wettabilities. For the realization of the sample, we �rst

prepared masters by micro-EDM and then we made the �nal structures by soft-

lithography with PDMS. We observed that, in the case of a circular pro�le, the

contact line is pinned to the whole edge, as predicted by the Gibbs criteria, while

in the presence of corners, the contact line can spill along the vertical walls.

Another important e�ect involving droplets con�ned on elongate structures, is

the morphological transition that was experimentally and numerically illustrated

in Chapter 4. For this study we realized rectangular posts having hydrophobic

walls and hydrophilic top surface, combining di�erent materials and microfab-

rication techniques. In detail, we observed that the morphological transition

between the two states, �lament and bulge, occurs for all the aspect ratios `, but

only for `>16, it is shown a bistability of the two states at the same volume.

The experimental results were in good agreement with the numerical simulations.

Furthermore, we started to investigate the dynamic of the transition, induced by

oscillations, observing that for post with `>16, it is possible to induce the tran-

sition by the oscillation, without change the volume.
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Moreover, with the aim to control the droplet motion, we compared the behavior

of sliding droplets on homogeneous and chemically patterned surfaces. In partic-

ular, glass surfaces were functionalized with organic molecules by microcontact

printing, in order to obtain patterns of hydrophilic and hydrophobic stripes. On

these surfaces, droplets show the stick-slip motion, which causes the deformation

of their shapes. Comparing this behavior with sliding droplets on homogeneous

surfaces, we observed that the stick-slip introduces an extra friction imputable

to the dissipation of energy at the contact line. To validate this insight, we will

compare our results with Lattice Boltzmann numerical simulations.

Also in closed micro�uidic systems, the droplets can be manipulated by posts

and obstacles placed inside channels. With the aim to study these e�ects, in the

work described in Chapter 6 we focused the attention to de�ne all the ingredients

necessary to produce monodisperse droplets at di�erent �ow rates, using T-shape

junctions. Working with water and organic phases in PDMS devices, we inves-

tigated the swelling problem, which causes deformation of the channels. After

the development of a reliable protocol for production of droplets in T-junction,

we started to study their interaction with obstacles, as innovative way for tuning

their break-up.

Finally in Chapter 7 is presented a stable and versatile method which allows to

change the wetting proprieties of thiolene resins. In particular we focused on

NOA, a commercial available resin, which presents a contact angle of 70°. Using

chlorosilane chemistry, we changed its wettability to a more hydrophilic and to

hydrophobic contact angles. Additionally, we demonstrated that this strategy

can be apply both to open and closed micro�uidic devices.

Concluding, we would like to stress that the interest on droplet micro�uidics

has been enormously and rapidly growing at least for the last decade despite of

a detailed, quantitative comprehension of the basic mechanisms underlying the

control of microdroplets.

Partially inspired by these considerations we tried to follow a systematic approach

for studying the properties of the interfaces, based from one hand on the devel-

opment of suitable microfabrication strategies, and from the other hand on the

comparison of the experimental results to the numerical simulation and predic-

tions.
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We do believe that this route may reveal very promising also for the new chal-

lenges in multiphase �uids under con�nement for which it is the time of more

quantitative and comprehensive methods involving physical, chemical, and engi-

neering details.
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Appendix A
Contact angle measure

The contact angles presented in this thesis are measured with a homemade ap-

paratus, which is showed in Figure A.1a. It is composed of a high resolution

camera (MANTA G-146B), equipped with a telecentric objective. The sample

is positioned on a sample stage and its vertical and horizontal positions could

be �nely adjusted with manual translation stages. A droplet of 1 mL is gently

placed on the surface, by a syringe, having capacity of 500 mL (provided by SGE

Analytical Science), mounted on a vertical syringe pump (provided by World

Precision Instruments). The drop is illuminated by a LED blue backlight (pro-

vided by CCS America), which aligned with the telecentric objective, allows a

good contrast of the droplet shape. In particular, the droplet appears completely

black on the white background, as shown in Figure A.1b. The images collected

are analyzed o� line by a homemade program, written with LabVIEW (by Na-

Figure A.1: a) Scheme of the homemade apparatus used in this thesis to measure
the contact angles; b) example of droplet placed on �at surface. The contact angle is
evaluated as the mean value between θSx and θDx.
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tional Instruments). In detail, the program �nds the droplet pro�le, comparing

the pixel grayscales of the image with a threshold previously �xed. Then, it �ts

the pro�le with two polynomial functions of tunable degree, one for the left and

one for the right side of the droplet and calculates the derivates in the points of

intersection between the �ts and the surface plane. The two contact angles are

evaluated from the slope of the derivatives, as shown in Figure A.1b. In order to

characterize a surface, it is necessary to collect data from at least �ve droplets in

di�erent positions on that surface, such as, the �nal contact angle is represented

by the mean of the di�erent value obtained from every droplet. In this way, the

standard deviation of the measure is representative of the surface uniformity.



Appendix B
Capillary �lling in patterned

microchannels

In this Appendix there are illustrated the results of a systematic experimental

work aimed to investigate the shape of air/water meniscus moving in microchan-

nel patterned with di�erent geometric posts. First, the microfabrication proce-

dure and the experimental setup are introduced and then some quantitatively

results are presented.

B.1 Introduction

One of the most critical steps working with micro�uidic devices is their �lling.

Indeed, it is highly probable the formation of bubbles which can compromise the

correct operation. Normally, this occurs when the liquid meniscus �nds an ob-

stacle during the �rst �lling of the channel. For this reason, in recent years the

�lling of microchannels, patterned with posts or ridges, has been the subject of

intensive work motivated by the rich phenomenology observed in numerical sim-

ulations [44, 159] and by its technological interest, e.g. design of micro-injection

molding in capillaries [160] and of channel geometries which prevent air bub-

bles [161].

As already described in Chapter 1, although several numerical works have been

made on the pinning in microchannels, from the experimental point of view this

problem has not been analyzed quantitatively. For this reason, we started to

study the behavior of a water/air meniscus moving in microchannels with obsta-
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Figure B.1: Images of microchannels drawn on mask a) d), reproduced with SU-8 b)
e) and replicated with PDMS c) f) having rectangular and triangular posts.

cles of di�erent shapes: rectangular and asymmetric triangular.

B.2 Microfabrication of PDMS microchannels

We produced two types of micro�uidic devices, with an obstacle inside having

rectangular and asymmetric triangular shapes. In particular, we used the same

double step approach described in Chapter 6: �rst, we made SU-8 masters by

photolithography and then we obtained the �nal samples in PDMS by double

replica molding. Finally, the channels were closed with a glass slide having a thin

layer of PDMS (about 40 mm) and two polyethylene tubes were �xed as inlet and

outlet. Figure B.1 shows the chromium masks, the SU-8 masters and the �nal

PDMS channels in proximity to the obstacles. The realized channels showed a

square cross section of 100x100 mm and the inside posts extended until half of the

width of the channel (50 mm).

B.3 Experimental setup

To observe the meniscus advancing inside of the channel, we used the same opti-

cal setup described in Chapter 6.

During the data acquisition we wanted to observe the shape of meniscus advanc-

ing as function of the di�erence of pressure inside the channel. For this reason we

chose to �ll the channel using the Micro�uidic Control System (MFCS) provided

by Fluigent, described in Chapter 6, instead of a normal syringe pump.
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The acquired images have been processed using a homemade program written

with the Interactive Data Language programming language (IDL) [162]. In par-

ticular, it allows to detect the meniscus along a line previously selected, comparing

the brightness of every pixel of the line with a �xed threshold. In this way it was

possible to retrace the meniscus position for every image.

B.4 Characterization of the meniscus shape in pat-

terned microchannels

We evaluated the pressure di�erence inside a microchannel, necessary for the

water/air meniscus to overcome the posts. The channels were kept in an oven

at 80 °C for at least 2 hours to dry completely their surface. Then, we �lled the

channels at a �xed pressure which remain unchanged until the meniscus stopped

somewhere. At this point, we increased the pressure of steps of 1 mbar, waiting

again that it stopped. Figure B.2a shows the image sequences acquired with

of water/air meniscus, moving on rectangular post and increasing the pressure.

Convex meniscus shape is due to the channel hydrophobicity. Figure B.3a shows

the plot of the meniscus position, evaluated halfway between the post and the

top channel border, as function of the di�erence of pressures applied. Comparing

Figures B.2a and B.3a, it is possible to see that the meniscus stops when it �nds

the post, however 7 mbar are su�cient to move it. While in case of the pinning

at the end of the post, it is necessary to increase the pressure up to 15 mbar to

observe the depinning. Before this pressure, the meniscus increases the curvature,

but without dethatching from the obstacle.

The same evaluation was done for the channel with triangular post. Addition-

ally, in this case we tried to pump the water from both directions, as shown in

Figure B.2b,c. As seen in the Figure B.3b, the di�erence of pressure necessary to

overcame the obstacle is di�erent for the two directions: when the meniscus moves

from right to left it needs a higher pressure (22 mbar), while when it moves from

left to right the pressure required is lower (15mbar). This is due to the di�erent

shapes of the obstacle that the meniscus �nds during the �lling and con�rms

the simulation results described in [44]. Moreover, looking more carefully at the

image sequence it is possible to notice that the meniscus are not pinned exactly

on the edge, but slightly under it, as expected from the simulation results of the
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Figure B.2: Image sequence show the advance of the meniscus along the channels
with rectangular a) triangular b) c) obstacles. In particular, in this last case, water is
pumped from right b) and from left c).
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Figure B.3: Space which the meniscus covered as function of the di�erence of pressures
applied; in particular, graphs are related to channels with rectangular a) and triangular
b) obstacles, �lling from the two directions.

Figure B.4: Comparison between simulation a) and experimental b) results of the
meniscus shape stopped by the obstacle.

group of Prof. Biferale [47], as shown in Figure B.4.

B.5 Conclusions

This Appendix describes a quantitatively work to con�rm the simulation results

presented in literature and to evaluate the e�ciency of our experimental appa-

ratus. In detail, we realized an experimental study of the meniscus shape in

proximity of the obstacles and as expected, we observed that the pinning e�ect

strongly depend on the post geometry, proving the Lattice-Boltzmann simulation

results.

The experimental procedure and the reproducibility of the manufacturing pro-

cess can be considered well established. Therefore, particular attention will be

paid to combine this kind of patterned channels with droplet micro�uidic studies,

with the aim to observe the interaction between droplets and di�erent types of

obstacles.
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1. INTRODUCTION

A very active field of research in materials science is the
realization of surfaces with controlled wettability. By playing with
the surface chemical composition and its morphology, it is
possible to significantly enhance its hydrophobic (hydrophilic)
character, which is usually quantified by the apparent contact
angle (Θ) that a water drop forms with the surface. In the past
few years, a large variety of superhydrophobic (superhydrophilic)
surfaces have been realized, which present a contact angle Θ >
150� 1�4 (Θ < 10� 5�7). More interesting for potential applica-
tions is the realization of smart coatings, which can change their
wettability when subject to specific external stimuli, like light8�10

or temperature.11�13 An essential feature in all of these realiza-
tions is the presence of a rough surface.

If the roughness is isotropic, a drop deposited on the surface
assumes an almost hemispherical shape and the apparent contact
angle is the same as measured in any direction. If the roughness is
not isotropic, e.g. parallel grooves, the drop is elongated and the
apparent contact angle depends on the direction of observation.
Recent studies have focused on the wetting properties of
anisotropic patterned surfaces. It was observed that even rela-
tively simple surface topographies such as grooves with a rect-
angular cross section exhibit a large variety of different wetting
morphologies.14 Analogously, chemically heterogeneous flat
surfaces formed by alternating hydrophilic/hydrophobic stripes15�17

and geometrically structured surfaces characterized by parallel
microscopic grooves18�20 show pronounced anisotropic contact
angle hysteresis and elongated drops. To better analyze this
anisotropy, we have investigated the wetting of a water drop
deposited on top of a single rectangular pillar having a length
much longer than its width.21 The orthogonal contact angle is
found to increase with the drop volume; instead the parallel angle

practically does not change and coincides with the intrinsic values
of the corresponding surfaces.

To further characterize this phenomenology, we have ex-
tended our original study to individual pillars of submillimetric
size having different cross sections (circular and square). In this
case, the drop shape is dominated by the pinning of the contact
line to the whole edge contour, which satisfies the Gibbs inequality
condition. This geometric condition states that because of the
pinning of the contact line, the maximum contact angle (Θmax),
which can be measured at a sharp solid edge having an aperture
Φ, is equal to Θmax = Θ þ (180� � Φ), where Θ is the
equilibrium contact angle on the flat surface away from the edge
(see Figure 1a). Classic experiments22 on the equilibrium of
liquid drops bound on macroscopic circular cylinders with sharp
edges confirmed the validity of the Gibbs condition. These mea-
surements have been recently extended to the study of the
suspension of liquid drops by a single frustoconical asperity
having a top circular surface of millimeter size.23 It was estab-
lished that for the suspension of a drop not only the contact line
must be pinned but also that the vertical component of the
surface tension must be of sufficient magnitude to hold unsup-
ported liquid against the downward pull of gravity. The stability
of drops at the edges of similar asperities was also investigated by
pressing the drop with a superhydrophobic surface and was
characterized in terms of the critical pressure necessary to depin
the contact line.24 More recently, the profile of liquid drops at the
tip of a cylindrical fiber with a submillimiter radius was studied.25

Finally, the wetting behavior of individual nanostructures with
diameters down to the sub-100 nm scale was quantified, and it
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ABSTRACT: We report results of extensive experimental and
numerical studies on the suspension of water drops deposited on
cylindrical pillars having circular and square cross sections and
different wettabilities. In the case of circular pillars, the drop contact
line is pinned to the whole edge contour until the drop collapses due
to the action of gravity. In contrast, on square pillars, the drops are
suspended on the four corners and spilling along the vertical walls is
observed. We have also studied the ability of the two geometries to
sustain drops and found that if we compare pillars with the same
characteristic size, the square is more efficient in pinning large volumes, while if we normalize the volumes to pillar areas, the
opposite is true.
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was found that the macroscopic pinning behavior is preserved
for nanostructures with dimensions down to about 200 nm.26

Understanding the pinning of the contact line to geometric edges
is essential to explain the numerous morphological wetting tran-
sitions observed at ring-shaped surface domains.27 It is also
necessary to design effective superhydrophobic surfaces28 and
to control and enhance themaximum advancing contact angle on
surfaces micropatterned with circular polymer rings.29

A common feature in all of these studies is the presence of
asperities having circular cross sections.22�29 The aim of this
work is instead to provide a first analysis of the profiles of water
drops pinned to geometric pillars that have corners. In the
following, we present the results of systematic experiments and
numerical calculations of the shape of drops deposited on single
pillars of different cross sections, from the highly symmetric
circular section to the square one, and various wettabilities. After
a brief description of the experimental and numerical techniques
employed in this study, we present and comment on the main
results of our work.

2. METHODOLOGY

A series of individual cylindrical pillars having a characteristic
height of 200 μmwere fabricated on a stainless steel flat substrate.
Pillar geometries were characterized by different shapes (circular

and square) and sizes (diameter D = 800 μm and side L =
800 μm, respectively) and have been produced by means of
microelectrical discharge machining (μEDM), operated in
millingmode. μEDM is a thermal process for contactless material
removal of electrically conductive materials.30 In μEDM the
machining of conductive materials is performed by a sequence of
electrical discharges occurring in an electrically insulated gap
between the tool electrode and the sample. The minimum
machinable feature size and maximum accuracy are on the order
of 10 and 1 μm, respectively. The morphology of the pillars has
been characterized with the profile meter and the scanning
electron microscope (SEM). Figure 1 shows magnified views
of the two pillars. The root mean squared surface roughness of
the top face was less than 1 μm, that of the vertical walls about
3 μm, and finally, that of the contour edge roughness 2 μm.

By a standard double replica molding process, positive copies
in polydimethilsiloxane (PDMS) of the stainless steel master
were fabricated (see Figure 2A). At first, a negative copy in
PDMSwas casted by simply pouring over the master a mixture of
the prepolymer and the curing agent and then heating the whole
system in an oven for 1 h at 80 �C (steps I and II). With the help
of a microscope, thin metallic wires (diameter ∼150 μm) were
vertically inserted at the center of each cavity (step III). Then, a
second replica of PDMS was performed on this assembly in the
same manner as the first process (step IV). Before casting, an

Figure 1. (a) A cross-section of a drop atop a single model pillar showing characteristic angles. SEM view of the circular pillar (b) and of the square
pillar (c).

Figure 2. (A) Fabrication process of the pillars in PDMS. (B) Schematic drawing of the optical setup used to image the water drops.
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antistick monolayer of trichloroperfluorooctysilane (FOTS) was
evaporated onto the template as a release agent. After solidifica-
tion, the PDMS layer was peeled off, the wires were gently taken
off, and thin tubes were fixed at the extremity of each hole (step V).
By connecting them to a syringe pump, a water flow could be
induced through the central hole to form a small drop on top of
the pillar (step VI). In this way it was possible to easily control the
production of drops of known volume. We soon discarded the
standard deposition of sessile drops because of a series of drawbacks:
(i) the procedure was highly erratic given the small size of the
pillar and its hydrophobic nature and (ii) the volume could not
be varied continuously. A similar procedure was adopted in the
original work by Mason and co-workers,22 the only difference
being that they used much larger pillars by a factor g10.

The wettability of these pillars was changed by exposure to UV
light. The treatment of the PDMS surface was carried out in a
commercial ultraviolet/ozone (UVO) cleaner. We found that
after 3 h (45 min) in the UVO, the contact angleΘ (see Figure 1a)
on flat, untreated PDMS samples decreased from 115� to around
60� (80�), the actual value being explicitly indicated in each case.
This change was not permanent: it was stable for a couple of
hours and then the surface recovered its initial wetting character
on a time scale of several days. The data on the treated surfaces
were taken right after the extraction from the UVO and very
quickly (within 2 h) to bypass this recovery. To make sure that
the surface recovery was negligible, contact angle measurements
on flat portions of the sample were taken before and after each
acquisition sequence.

Water drop profiles were recorded with the custom-built
apparatus schematically shown in Figure 2B. The sample was
positioned in the middle and its vertical position could be finely
adjusted with a manual translational stage. A small drop of
increasing volume V of Milli-Q water was produced on the top
face of each pillar with a syringe pump. The drop was illuminated
by two back-light collimated LED sources. The drop profile was
simultaneously viewed from two different orientations with two

high-resolution cameras. In this study, they were oriented at right
angles to probe the symmetry of the drop and, with the non-
circular pillars, in such a way as to view the drop from one side
and from one corner. Figure 3 shows some typical images
recorded on a circular and a square pillar. The cameras mounted
telecentric lenses, which guarantee a better contrast and a more
faithful reproduction of the drop shape. In order to get statisti-
cally sound results, we typically recorded at least five complete
runs for each pillar, starting from the formation of a tiny drop at
the center until the final collapse of the enlarged drop due to
gravity. After each sequence, the surface was dried with absorbant
paper and by blowing with pure nitrogen. The profile of each
image was then analyzed off-line. For each volume, the contact
angle was deduced from a fit of the profile. The profiles have been
derived from differences in the grayscale values along the hori-
zontal direction. In correspondence of each corner, a windowwas
selected that defined the baseline and the actual area for the
polynomial fit. The contact angles have been calculated from the
slope of the fit in correspondence of the contact line. The cor-
responding error was estimated to be typically (3�, unless
otherwise stated.

Droplet shapes were calculated using the public domain
software Surface Evolver, developed by Brakke,31 which deter-
mines the shape of the interface by minimizing the total inter-
facial energy. In this program the liquid�vapor interface is
represented by a mesh of small triangles. Setting the liquid�
vapor surface energy equal to unity, the total interfacial energy of
the droplet becomes the area of the liquid�vapor interface
subtracted by the area of the wet surface multiplied by the cosine
of the local equilibrium contact angle. Mechanical equilibria are
obtained from a numerical minimization of the total interfacial
energy under the constraint of a constant liquid volume using a
conjugate gradient descent. The area of the wet part of the
surface is calculated from appropriate line integrals along the
contact line. For the purpose of these calculations, we only
account for liquid configurations which exhibit the same sym-
metry as the underlying pillar geometry; i.e., horizontal transla-
tions of the center of mass of the liquid are completely sup-
pressed. This simplification of the problem allows us to consider
only one-eighth of the whole system as obtained by cutting the
pillar and the droplet along the vertical symmetry planes of the
square pillar. The same symmetry has been alsomaintained in the
case of circular pillars. Different pillar geometries imply different
protocols to manage the local constraint, which must be satisfied
by the various elements of the contact line. The essential feature
in the numerical calculation is that the contact line is always free
to move on a surface until it reaches a pinning edge. The Gibbs
inequality is then applied to those parts of the contact line that
coincide with the edge. As long as the local contact angle on the
pillar (Θp) is less than the maximum angle (Θmax) derived from
the Gibbs condition, the corresponding portion of the contact
line is pinned to the edge (see Figure 1a). As the liquid volume is
increased, Θp augments until it reaches Θmax. After a further
addition of liquid,Θp >Θmax, the contact becomes free to move
along the adjacent surface and eventually finds a new equilibrium
position or keeps on moving, indicating a collapse of the drop
along the vertical direction. In the latter case, the correspond-
ing volume will represent the maximum liquid volume Vmax

which can be sustained by the pillar. We studied both the cases
of zero and nonzero gravity. In the latter case, the size of the
simulated pillars were adjusted to the size of the experimental
system.

Figure 3. Typical images of water drops on a circular (a, b) and on a
square (c, d) cylinder taken from two different directions. Images a and b
are taken along two orthogonal directions (Θ = 64�), while image c (d)
represents a side (diagonal) view (Θ = 68�).
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3. RESULTS

First we analyze themost symmetrical case of a drop deposited
on a cylindrical pillar having a circular cross-section. This
geometry was originally studied by Mason and co-workers in
their classic work devoted to the stability of axis symmetric sessile
drops of various liquids22 and more recently by Extrand.23 When
Θ > 90�, the maximum angle predicted by the Gibbs condition at
a right edge (i.e., Φ = 90�) is Θmax > 180�. In the absence of
gravity, the contact angle on the pillar Θp tends to the limiting
value 180� at finite volumes V, while for macroscopic systems
angles above 180� can be obtained because of the distortion
induced by gravity. Actually,Θmax > 180� have been found, even
though they have been not measured directly.23 WhenΘ < 90�,
Θmax is expected to be less than 180� at a right edge. If the volume
V exceeds that corresponding toΘmax, the contact line suddenly
jumps and spreads spontaneously down the vertical wall. Our
results are consistent with such a phenomenology. Regardless of
the surface wettability, the drops have a symmetric shape with the
contact line pinned to the circular edge. Figure 4 summarizes the
contact angle measurements on a cylindrical pillar having a
diameter D = 800 μm. It shows the contact angle on the pillar
Θp as a function of the drop volume divided by D3 for three
different wetting surfaces. The measured dependence of the
contact angle on drop volume nicely follows the curves derived
from Surface Evolver taking gravity into account (see continuous
lines). For each curve, the final point corresponds to the
maximum volume of a stable sessile drop: at higher volumes,
the drops collapse. Again, the experimental data for these char-
acteristic volumes agree, within experimental errors, with those
derived from the numerical simulations (see vertical arrows in
Figure 4). The corresponding contact angle valuesΘmax are also
quite consistent with the Gibbs prediction. Actually, Θmax =
148�( 3� (Θmax = 167�( 3�) for a surface withΘ = 64� ( 4�
(Θ = 80� ( 4�). On the untreated PDMS pillar, the simulation
yields a monotonically increasing Θ with the normalized drop
volume well above 180�. Experimentally, we find insteadΘmax =
175� ( 4�. We believe that one reason for the observed
difference is the difficulty of producing large symmetric drops.
Actually, the quoted value for Θmax corresponds to the largest
volume that presents a symmetric profile. For larger drops,
contact angles above 180� were observed but only on one side

of the pillar (see, for example, photo a in Figure 5). Furthermore,
in the case of symmetric drops, it was impossible to directly
measure contact angles above 180�, because the depth of field of
our objectives was much larger than the drop size.

As a useful comparison, in Figure 4 we have also plotted (see
the dashed line) the volume of an hemispherical drop having a
circular contact line of diameter D and forming a contact angle
Θp as derived from the geometric formula22

V
D3

¼ π

24

ð1� cos ΘpÞ2
sin3 Θp

ð2þ cos ΘpÞ ð1Þ

which is valid in the absence of gravity. As expected, at small
volumes the data agree with this estimate, while for V/D3 g 1.2,
eq 1 underestimates the actual contact angles. In other words,
gravity acts to flatten the central portion of the drop and increases
the pinned contact angle.

Let us now consider the novel case of a geometric pillar with a
square cross-section. Figure 6 shows the numerical and experi-
mental profiles of drops of different volumes as viewed along the
side (panel a, right) and the diagonal (panel a, left) of a
moderately hydrophilic pillar with a side L = 800 μm. The full
symbols represent the experimental profiles for different vo-
lumes, while the continuous lines indicate the corresponding
calculated profiles. The smallest drop displays the profile of a
hemispherical cap with an angleΘ, indicating that the (circular)
contact line has not reached the sides of the pillar. As V is
increased, the liquid front reaches the side edges and pins.
However, the regions close to the corners are still dry. On further
increasing V, the liquid remains pinned to the lateral edges and
the lateral contact angle increases. When this angle passes the
Gibbs maximum angle, the contact line depins from the edge and
slightly moves down the vertical walls. When the contact line
reaches the corners, the constrains of the boundary conditions
are modified and the contact line is then allowed to move
downward along the corner edge. When this movement occurs,
it is interpreted as the equivalent instability which takes place on
the circular pillar, leading to the collapse of the droplet. Loosely
speaking, we can say that the drop is suspended by the whole
edge contour on the circular pillar and only by the four corners
on the square pillar. A more detailed description of the shape
evolution near the edges, as derived from the numerical calcula-
tions, is displayed in panel b of Figure 6. The continuous lines
represent the evolution of the lateral profile of a drop pinned to
the edge. The dashed curves indicate the corresponding profiles
as viewed along the diagonal. They show a not simple variation of
the profile near the solid surface. This is more clearly seen in
panel d of Figure 6, which shows a magnified view of a drop near
the corner of a square pillar with L = 800 μm calculated forΘ =
68�. More interesting is the behavior observed from the side
view, which clearly displays a pronounced spilling of the drop
down the vertical wall. The profiles shown in the graphs of
Figure 5 indicate a very good agreement between the experi-
mental and numerical data up to the intermediate volumes (blue
data, V/L3 = 2.6). For larger values (orange data, V/L3 = 3.6),
deviations from a symmetric shape start to be clearly observable
in the experimental profiles. However, the main difference is the
amount of spilling found: in the simulation the contact line
moves down the lateral wall much more than in the experiment.
We think that this is due to two different factors. First of all, no
symmetry breaks and other instability mechanisms related to in-
plane shifts of the center of mass are considered in the

Figure 4. Contact angle as a function of the normalized volume of water
drops on circular pillars having different surface wettabilities and a
diameterD = 800 μm. Symbols refer to experiments, the continuous line
to numerical simulations, and the dashed line to theoretical calculation
for an hemispherical drop.
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calculations. As already stated, experimentally it is very difficult to
produce a symmetric large drop. The profile shown in Figure 6a
corresponds to one of themost symmetric dropwe produced, the
more common outcome being the asymmetric profile displayed
in Figure 5b,c, characterized by significant spilling but only on
one side. Second, the vertical walls of the real pillars are not
smooth but present some roughness, which favors the pinning of
the contact line.28

Although the spilling of the drop along the vertical walls is
arguably themost evident difference between a drop sustained by
a square pillar and a circular one, Figure 6c shows that it is also
possible to distinguish the pinning behavior of the two pillars by

just looking at the lateral views of the drop profiles. In general, the
flattening of a drop is caused by gravity. On a square pillar the
drop is more flattened than on a circular one because the
rotational symmetry is lost. This is more evident for surfaces
with high wettability, because the elongation in the diagonal
direction is more pronounced.

Another way to account for the pinning behavior is to use the
contact angle. Figure 7 shows the contact angle Θp measured
laterally on a square pillar as a function of the drop volume
divided by L3 for three different wetting surfaces. Again, the
continuous lines represent the results of the numerical simula-
tions. At variance with the circular pillar, once Θp reaches the

Figure 5. Images of asymmetric water drops on a circular pillar withΘ = 115� (a) and side view (b) and diagonal view (c) of a square pillar withΘ = 68�.

Figure 6. Profiles of drops of different volumes deposited on a pillar having a square section of side L = 800 μm and a contact angle Θ = 68�.
(a) Experimental (dotted lines) and numerical (continuous lines) profiles along the diagonal and lateral views. (b) Evolution of the numerical profiles
near a corner displayed along the side (red dashed lines) and diagonal (black continuous lines) views. (c) Lateral view of whole numerical profiles of
drops deposited on square and circular pillars having the same characteristic size (L or D). (d) Three-dimensional magnified view of a drop near the
corner of a square pillar with Θ = 68�. (e) Spilling of a drop atop a square pillar with Θ = 46�.
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critical valueΘmax, the drop does not fall down but spills over the
edge and the contact line gets pinned somewhere along the
vertical sides, as previously discussed. The drop remains sus-
pended, and further increases in volumes can be accommodated
at the same critical angle by simply moving the contact line
downward. This explains the horizontal segment seen in the
numerical curves. Eventually, the drop will tumble down when
the spilling region extends itself and touches the corners. Inter-
estingly, in this case the droplet recovers the spherical symmetry
in the case of no gravity or the full rotational symmetry for a finite
size, which was lost when the contact line started pinning to the
side edge, the corner still being dry. The experimental points
nicely agree for Θp < Θmax. In the case of the more hydrophilic
surface, e.g. Θ = 68�, the spilling occurs at a slightly larger
normalized volume than that found in the simulations, as
indicated by the vertical arrow. Afterward, the lateral contact
angle does not change until the drop collapse. Again, we think
that the difference is probably caused by extrinsic pinning of the
contact line due to morphological defects on the pillar vertical
walls.28 We must also add that the numerical results are quite
sensitive to the pillar contact angle: a change by a couple of
degrees inΘ yields a relative variation inV/L3 bymore than 20%.
Taking into account the uncertainty in the measurement of the
pillar wettability, we conclude that the experimental and numer-
ical results are in a satisfactory agreement. Instead, on more
hydrophobic pillars we do not see any evidence of spilling
because the required V/L3 must be so large that it becomes very
difficult to produce symmetric drops. The situation changes
substantially on hydrophilic pillars. The image in Figure 6e shows
the numerical profile of a drop atop a square pillar withΘ = 45�,
where the spilling along the side walls is quite evident.

An alternative to Θmax to quantify the pinning to the pillar is
the so-called edge effect (E),22 which is defined as the fractional
increase in the equilibrium drop volume E = (Vmax � V1)/V1,
whereV1 (Vmax) is the volume of the drop pinned to the edge and
characterized by an angleΘp =Θ (Θp =Θmax). According to this
definition, in the circular geometry the contact line is totally
pinned along the edge, while in the square geometry the contact
line pins only in the middle point of each side. Figure 8 displays
the E values calculated with Surface Evolver for pillars with
circular (continuous lines) and square (dashed lines) cross

sections of different sizes and in a wettability range useful for
applications. The action of gravity is to flatten the droplets. It
then affects not only the maximum volume Vmax but also V1,
which can be remarkably smaller than that of the equivalent
hemispherical cap when the size of the pillar becomes compar-
able with the capillary length. Accordingly, these two character-
istic volumes were calculated by taking into account gravitational
effects. The gray continuous line represents the edge factor for a
circular pillar in the absence of gravity, with Vmax and V1 derived
from formula 1. It obviously diverges forΘ approaching 90�, i.e.,
forΘmax approaching 180�, while for smallerΘ it is very close to
the value calculated with Surface Evolver for a circular pillar with
D = 300 μm. In the presence of gravity, E depends also on the
pillar size, and our numerical results show a broad maximum that
occurs between 90� and 110� according to the pillar size. Our
results are markedly different from the original calculations by
Mason et al. based on the Bashforth�Adams tables,22 which
show a sharp cusp forΘ = 90�. The reason is rather simple: these
latter calculations consider sessile drops flattened by gravity
where the maximum contact angles are limited to the value of
180�. This assumption is certainly correct for drops deposited on
flat surfaces but it breaks down for drops suspended to single
asperities, where larger contact angles can be achieved.23 Com-
paring the results between the two shapes, in the range of contact
angles and sizes here considered, the circular geometry presents a
larger E for Θ less than about 60�, regardless of the post size,
while for largerΘ the square geometry dominates. However, the
area A of the pillar top face is different in the two cases. To better
compare the ability of pillars having the same A but different
shape to sustain liquid drops, in the inset of Figure 8 we display
the ratio RNorm between the respective normalized maximum
volumes on a square and on a circular pillar as a function of the
pillar wettability for three different sizes (D or L). The normal-
ized volume is defined as Vmax/A

3/2. For the characteristic sizes
used in our experiment, we find that this ratio is always smaller
than 1, suggesting that, area A being equal, the circular pillar is
more capable to sustain large water drops than a square one for
anyΘ. We reach the same conclusion if we refer the maximum
volume to the perimeter p of the pillar edge through the
adimensional ratio Vmax/p

3. Numerically, the new ratio R0
Norm

Figure 7. Lateral contact angle as a function of the normalized volume
of water drops on a square pillar having different surface wettabilities and
a side L = 800 μm. Symbols refer to experiments and continuous lines to
numerical simulations.

Figure 8. Calculated edge effects for circular (continuous lines) and
square (dashed lines) pillars having different characteristic sizes (D or L)
as a function of their surface wettability. The gray line corresponds to the
ideal case of a drop on a circular pillar in the absence of gravity. Inset:
ratio of the normalized maximum volumes on square and on circular
pillars of three different sizes as a function of their surface wettability.
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will be equal to that plotted in the inset of Figure 8 times
(π/4)3/2.

Preliminary numerical results obtained with Surface Evolver
for a triangular pillar are consistent with the data just discussed.
In particular, if Vmax on the triangular pillar is normalized to D3,
where D is the diameter of a circle inscribed in the equilateral
triangular cross-section, this pillar is able to sustain larger drops
with respect to a circular pillar of diameterD and a square pillar of
side D. If the volumes are instead normalized to A3/2, one finds
that the geometries more capable to sustain large drops with the
same A are, in decreasing order, circle, square, triangle. It is then
tempting to formulate the following conjecture, which gener-
alizes this trend to regular polygons of N sides circumscribed to
the same circle. On the basis of their Vmax/A

3/2, the different
pillar cross sections can be ranked according to the sequence
circle, ..., (N þ 1)-polygon, N-polygon, (N � 1)-polygon, ...,
square, triangle, the circle (triangle) being the more (less)
capable of sustaining a liquid drop and all other pillar parameters
like A and Θ being the same.

In conclusion, we have systematically studied the suspension
of water drops on cylindrical pillars having circular and square
cross sections and different wettabilities. The observed shapes are
the result of the geometric pinning of the contact line to the pillar
edge and can be accurately described in terms of the Gibbs
condition. In the case of a circular profile, the contact line is
pinned to the whole edge, while in the presence of corners, the
contact line can spill along the vertical walls. Because of this
pinning, an individual pillar can sustain much larger drops than a
flat surface having the same surface area and wettability. Further-
more, a circular pillar is more capable of sustaining large drops
than a square one having the same cross-section area.
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ABSTRACT: We report the results of comprehensive experi-
ments and numerical calculations of interfacial morphologies
of water confined to the hydrophilic top face of rectangular
posts of width W = 500 μm and lengths between L = 5W and
30W. A continuous evolution of the interfacial shape from a
homogeneous liquid filament to a bulged filament and back is
observed during changes in the liquid volume. Above a certain
threshold length of L* = 16.0W, the transition between the
two morphologies is discontinuous and a bistability of
interfacial shapes is observed in a certain interval of the
reduced liquid volume V/W3.

Interfacial shapes and instabilities of small liquid droplets
wetting chemically or topographically structured surfaces

have been widely studied in recent years, motivated both by
practical applications and by fundamental questions.1−4 Effects
of interfacial tension are dominant on length scales below the
capillary length and can be utilized to control small amounts of
liquid passively by specifically designed wettability patterns1,3,4

or surface topographies.5 It has also been demonstrated in
electrowetting experiments that morphological transitions of
droplets on substrates with suitably shaped electrodes or
surface geometry can be employed to actuate liquids in
microfluidic applications.6−8

In particular, condensation experiments on hydrophilic
stripes reported a transition between a liquid filament with a
homogeneous cylindrical cross section and a flat filament with a
single bulge located in the center of the rectangular domain.1

However, these experiments were mostly qualitative because
they did not control and measure the liquid volume adsorbed
to the stripes. Also, the influence of the length to width ratio of
the stripes on the character of the transition was not
considered. In contrast to the discontinuous morphological
transition found on hydrophilic stripes of finite length,1 no
abrupt changes in the equilibrium shape were observed for
liquid droplets wetting the top of a square post as the liquid
volume V was increased.9 This fact led us to conjecture the
existence of a bifurcation point in terms of the length to width
ratio ≡ L W/ of rectangular posts having length L and width
W, which separates a regime of continuous transitions on
“short” posts with < * from a regime of discontinuous
transitions on “long” posts > *. To prove this conjecture and
to quantify the values of *, we have performed systematic

microfluidic experiments and numerical minimizations of the
interfacial energy.
A series of individual posts having rectangular cross sections

of different ratios , hydrophobic vertical walls, hydrophilic top
faces, and a through hole with diameter 150 μm in the center
have been fabricated by using a combination of photolitho-
graphic and soft-lithographic techniques. Master copies of the
posts with a characteristic height of 150 μm, width W = 500
μm, and = 5, 10, 15, 20, 25, and 30 are made in SU8 by
standard photolithography. A width of 500 μm was chosen
because it is sufficiently small to neglect gravity safely and, at
the same time, it allows the central hole to be made easily.
Positive copies of the SU8 masters in poly(dimethilsiloxane)
(PDMS) are then produced by a double replica molding
process (details in ref 9). The PDMS posts are hydrophobic
with a contact angle of θ0 = 110° for water. To modify their top
face wettability exclusively, a thin gold layer with a thickness of
about 200 nm is evaporated by magneto-sputtering. To protect
the vertical walls during metal deposition, they are covered with
a UV-curable optical adhesive, NOA 61.10 Particular care is
taken so that NOA 61 touches only the vertical walls up to the
edge. Right before each measurement, the gold surface is
activated in a commercial ultraviolet/ozone cleaner, and then
the cured NOA 61 coating is peeled off. As a result, the material
contact angle on the top face is reduced to θ0 ≈ 15° and
remains stable for a couple of hours. The central hole of each
post is connected at its extremity to a thin tube attached to a
syringe pump connected in series with a flow meter. In this
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way, it is possible to control the production of a liquid layer on
top of the post with a known volume easily. This combination
of techniques used in wetting and microfluidic experiments9,11

represents a major improvement compared to previous
approaches.1,12,13

The liquid profiles are recorded with a custom-made
apparatus.9 To achieve statistically robust results, we typically
record 10 complete runs for each post. Starting from the
spreading of a very thin liquid layer on the top face, we inject
liquid until a maximum volume of 2 to 3 μL is reached, and
after that, we extract it with the same pump. The profile of the
liquid morphology in each image is then analyzed off-line.
Shapes of pinned droplets are numerically computed using

the public domain software Surface Evolver.14 The free-liquid
interface is represented by a mesh of small triangles spanning
the nodes. Mechanically stable interface configurations are
obtained by minimizing the sum of interfacial and gravitational
energy, which is a function of the coordinates of the nodes.
Futhermore, a fixed liquid volume is enforeced during energy
minimization, representing an integral constraint to the shape
of the liquid interface. Nodes belonging to the three-phase
contact line are subject to a local constraint because their
motion is restricted to the boundary of the rectangular domain.
For convenience, we will employ the Bond number, Bo ≡

ρgW2/γ, related to the width of the post to quantify the
magnitude and sign of buoyancy forces. Here, ρ and γ denote
the mass density and interfacial tension, respectively, of water,
and g denotes the acceleration of gravity. Because we are
working with posts of width W = 500 μm and water (ρ = 1.0 ×
103 kg/m3, γ = 7.2 × 10−2 N/m), the Bond number is fixed, if
not stated otherwise, to Bo = 0.0341 in our numerical
calculations. In our convention, the positive sign is related to
the acceleration of gravity pushing the liquid down on the post.
Minimization steps include a combination of conjugate

gradient descent steps and refinements of the triangulated
interface. The droplet volume is increased or decreased in steps
of 5%, and typically, each volume change is followed by 200
combined steps to evolve the system sufficiently close to a local
energy minimum. In the vicinity of a bifurcation point, the
number of gradient descent steps is increased to ensure a good
convergence of the shape.
With all of the posts studied in our experiments, we observe a

morphological transition of the liquid between a homogeneous
filament and a filament with a central bulge and vice versa as
the volume is changed. Photographs of the experimentally
observed liquid morphologies as well as the numerically
computed shapes are shown in Figure 1. The observed shape
transitions are in agreement with previous experimental studies
for liquid condensing on long, highly wettable stripes.1 For a
further quantitative comparison with the numerically computed
interfacial shapes, we extract from each image the reduced
height h ≡ H/W, where H is the maximal height of the liquid
interface above the top face of the post. Because liquid
accumulates in the central region of the stripe during the
transition, h represents a suitable order parameter that
distinguishes between the two liquid morphologies.
Depending on the length to width ratio of the post,

different scenarios can be observed as the volume is changed.
Starting at small volumes, the water distributes evenly on the
top face of the post, forming a flat layer (cf. Figure 1a). Upon
increasing its volume, the water adopts the shape of a
homogeneous filament with a uniform cross section close to
a circular segment (Figure 1b). Noticeable deviations of this

almost homogeneous profile occur only in the vicinity of the
ends of the post and decay on a length scale comparable to the
post width. As the volume keeps rising, the contour of the water
interface in side view starts to form a central bulge, which grows
with the volume. This process is characterized by a pronounced
increase in the reduced height9,11 (Figure 1c,d).
The plot shown in Figure 2 displays the measured and

numerically calculated reduced height h for Bo = 0.0341 as a
function of the reduced volume v ≡ V/W3 for the six different
posts employed in our experiments. Continuous (dashed) lines
indicate the results of our numerical computations during the
injection (extraction) of water. Full (empty) symbols represent
the experimental data during injection (extraction). For short
posts ( = 5, 10, and 15), all numerically obtained curves h(v)
plotted in Figure 2 display a smooth crossover between the
homogeneous and the bulged filament, and it is not possible to
make a clear distinction between both morphologies.
Furthermore, curves h(v) for increasing and decreasing v are
identical. In agreement with this numerical finding, the
corresponding experimental data points do not show any
noticeable difference between increasing and decreasing
volumes. Instead, for long posts ( = 20, 25, and 30), h(v)
presents a discontinuous increaase at v↑ with increasing v and a
decrease at v↓ with decreasing v. The opening of the hysteresis

Figure 1. (Top) Bulged filament on a post of length L and width W.
(a−c) Side and front views of the drop profile for different volumes on
the post, = 30. (d) Numerical energy minimization of a drop for the
same parameters as in c). These volumes correspond to the large pink
circles plotted in Figure 2.
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loop (i.e., the difference Δv ≡ v↑ − v↓ > 0) becomes larger as
increases. This behavior is also seen in the experimental data
points in Figure 2 for long posts. In particular, we find
quantitative agreement of the reduced volumes related to the
instabilities of the homogeneous filament and the bulged
filament, as well as the width of the hysteresis loops.
The main difference between our experimental and

numerical results is that the expected discontinuous transitions
are somewhat rounded in the experiments. Extensive and
systematic tests tend to exclude the fact that the experimental
data in Figure 2 are affected by liquid evaporation or spilling
along the vertical walls9 (Supporting Information). Although
these data refer to the best gold films that we have obtained, we
cannot exclude the fact that the unavoidable deviations from
the ideal plane rectangular top face in the production process
are responsible for the observed rounding. Actually, a similar
argument was originally proposed to explain the observed
rounding of the prewetting transition of quantum liquids on
alkali metals.16,17

The results of our experiments, the numerical energy
minimizations, and the model calculations can be conveniently
expressed in the form of a morphology diagram in terms of the
length to width ratio and the reduced volume v. The
morphology diagram in Figure 3 displays regions where
homogeneous and bulged filament morphologies are mechan-
ically stable.
An inspection of the numerically determined stability

boundaries in Figure 3 reveals a cusplike bifurcation point at
* ≃ 16.0 and ν* ≃ 5.5 and a tongue-shaped region of
bistability for > *. These curves were determined by varying
the volume in small steps at a fixed and locating the volume
yielding the minimum energy. The energy minimizations for
the morphology diagram in Figure 3 were carried out for zero
gravity conditions Bo = 0. A comparison to the case of Bo =
0.0341 ≪ 1 shows only minor differences with respect to the
position of the bifurcation point and stability boundaries.
Noticeable deviations are observed only for bulged filaments
with large volumes. The experimentally measured data points of
the morphology transitions displayed as symbols in Figure 3a

match the results of the energy minimizations for zero gravity
Bo = 0 very well. They are located as the inflection points of the
corresponding experimental curves.
On short posts with < *, no discontinuity in the evolution

of interfacial shapes during changes in the volume is observed.
For posts with > *, however, discontinuities in h(v) appear
and the range of reduced volumes can be divided into three
regions. In region I, corresponding to v < v↓, solely
homogeneous filaments are mechanically stable, whereas in
region III, with v > v↑, exclusively filaments with a central bulge
are mechanically stable. In intermediate region II, with v↓ ≤ v ≤
v↑, a bistability between the two filament morphologies is
observed (Figure 3a). For large , v↑ grows linearly with . As
already pointed out by Gau et al.,1 the interfacial instability

Figure 2. Reduced height h = H/W of a water layer deposited on
rectangular posts of various as a function of the reduced volume v =
V/W3. Full (empty) symbols represent the experimental data during
injection (extraction) in comparison to numerical minimizations
during injection (extraction) displayed as solid (dashed) lines. The
reduced volumes marked by pink circles refer to the plates of Figure 1.
The final point of = 5 indicates the characteritsic error bars of the
experiment.

Figure 3. (a) Morphology diagram in terms of the control parameter
length to width ratio and the reduced volume v. Solid red and black
lines indicate stability boundaries of homogeneous and bulged
filaments, respectively, in the absence of gravity (Bo = 0) from
numerical energy minimizations in comparison to experimental data
points (symbols). Dashed black and red lines are estimates of the
stability limits (main text). The bifurcation point is indicated by (+),
and the solid blue line (circles) represents the volume where the
continuous h(v) numerical (experimental) curves display an inflection
point. (b) Reduced Laplace pressure p = PW/γ of the wetting liquid
on the posts = 30 as a function of v for Bo = 0 . Black lines indicate
the results of numerical energy minimizations in comparison to the
approximation (red lines). Solid (dashed) lines are mechanically stable
(unstable) branches.
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occurs for asymptotically long stripes → ∞ once the cross
section of the homogeneous liquid filament reaches a
semicylindrical shape (i.e., the maximum Laplace pressure
pmax = 2W/γ). This is confirmed by our experiments where we
indeed find that, on long posts, the local (pinned) contact angle
of the cross-sectional contour of the homogeneous liquid
filament never exceeds π/2. The reduced volume of the
semicylindrical filament provides the asymptotic form

π= +↑v
8

( )0
(1)

of the line limiting the stability of homogeneous filaments to
large volumes.
The bulging instability of the homogeneous filament can be

easily explained from the self-amplifying variations of the
Laplace pressure in response to a longitudinal redistribution of
liquid volume beyond Pmax. A comparison of the stability
criterion (eq 1) to the numerically obtained values of v↑ shows
a constant offset for → ∞. This constant offset is readily
explained by a lack of volume in the terminal parts of the
observed liquid shape as compared to that of the ideal
homogeneous filament with a constant cylindrical cross section.
The derivation of an approximate criterion for the inverse

transition from the bulged filament to the homogeneous
filament is more involved. The central bulge can be
approximated by a spherical cap with an opening angle of αs
> π/2 and a base area of diameter W. The flat homogeneous
filaments wetting the remaining part of the post are represented
by cylindrical segments with an opening angle αc and total
length L. Similar to the argument used to determine the
mechanical stability of the homogeneous filament, we now
consider the stability of the model interface with respect to an
exchange of liquid volume between the cap and the cylindrical
segment. The condition of mechanical equilibrium demands an
identical Laplace pressure in both the spherical cap and the
extending flat filaments and yields a relation between angles αs
and αc. This relation is then employed to construct the set of
possible equilibrium shapes in the model.
This explicit construction of the model equilibrium shapes

allows no solution for a given reduced liquid volume v smaller
than a certain value vmin. Above this value, two possible
solutions exist that can be distinguished by their Laplace
pressures. The full stability analysis based on the compressi-
bilities κ = ∂V/∂P of the spherical cap and the cylindrical
segments shows that the solution with the smaller pressure is
stable with respect to an exchange of volume between cap and
cylindrical segment. Hence, the value of vmin should correspond
to the point v↓ where the bulged filament looses stability and
transforms into a homogeneous filament.
Figure 3b shows the reduced pressure p ≡ PW/γ as function

of the reduced volume v both from the numerical
minimizations (black solid line) and the solution branches of
the present model (red lines). Solid lines in Figure 3b denote
stable branches, and the dashed line corresponds to unstable
solutions. The minimum volume (red circle) clearly exceeds the
volume of instability obtained from our numerical minimiza-
tions. A comparison of the minimum volume criterion for
different with the stability lines from our numerical
minimizations shows that vmin systematically overestimates the
smallest reduced volume where mechanically stable bulged
filaments exist (cf. also the dashed and solid red line in the
morphology diagram in Figure 3a). The reduced volume vmin

and satisfy an implicit equation that can be only solved for vmin
in the asymptotic limit → ∞ with the result

π= +↓
−⎜ ⎟⎛

⎝
⎞
⎠v

128
2187

( )
1/4

3/4 1/4

(2)

In comparison to the linear dependence of the estimate (eq
1) for the instability line of the homogeneous filament, the
instability line of the bulged filament (eq 2) displays a relatively
slow increase with in the limit → ∞
It is instructive to compare the morphologies adhering to the

perfectly wettable top face of a rectangular post to
morphologies wetting an ideally infinite stripe of finite
wettability. On the basis of numerical energy minimizations, a
similar morphological transition has been found on partially
wetting stripes15,18 and was later confirmed by electrowetting
experiments.6 The major difference in the present system is that
the liquid adhering to an infinitely long stripe of finite
wettability extends only to a finite fraction of the stripe. In
contrast to the bulged filaments described in this work, the
bulge morphology on an infinitely long partially wettable stripe
does not extend in the form of flat filaments to either side.
Discontinuous morphological transitions and a bistability of
shapes during changes in the volume are found for material
contact angles of θ0 ≲ 39.2° whereas a gradual transformation
between both morphologies occurs for θ0 ≳ 39.2°. This
demonstrates that the longitudinal confinement of the liquid on
the highly wettable posts is responsible for the formation of
stable bulged filaments.18

In this study, the volume was increased as slowly as possible
to ensure compatibility with evaporation effects and to reduce
dynamic effects. Both interfacial instabilities described in this
article are discontinuous on sufficiently long stripes and, hence,
will inevitably excite damped capillary waves. These waves can
also be excited externally through vertically vibrating the sample
at its resonance frequency. We expect to observe a nontrivial
response of the liquid interface close to the bifurcation point,
* = 16.0, as a result of the highly nonharmonic energy
landscape.
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A post functionalization method for the control of the wettability of thiolene resins of the NOA

family is presented. Treatment of open model surfaces or closed microchannels with chlorosilane

derivatives resulted in dramatic changes in the behaviour of droplets and streams contacting the

surfaces. The experimental findings are confirmed by the fabrication of a Y-junction device that

works as a passive valve for water streams.

Introduction

Thiolene resins (ThR) have been extensively used to fabricate

microdevices because of their good solvent resistance, rapid

curing procedures, biocompatibility and strong adhesion to

metal and glass substrates.1 The fabrication process is highly

facilitated by the availability of ThR under the brand name

NOA (Norland Optical Adhesives by Norland Products Inc.).

They are commercialized as single-component resins that

polymerize upon exposure to UV light in a wide range of

thicknesses, without inhibition by oxygen.2 If compared to

polydimethylsiloxane (PDMS), the most used elastomer in soft-

lithography, ThR present distinctive characteristics, such as i) a

greater solvent resistance to swelling; ii) a much higher elastic

modulus (typically, orders of magnitude); iii) a smaller auto-

fluorescence background and iv) impermeability to air and water

vapor.3 Therefore, a variety of microfluidic devices have been

made with ThR to exploit the aforementioned features.3–11

Wettability represents a key factor in microfluidic applications,

such as the production and handling of droplets,12 but only few

reports address its tuning.8 In these works, oxidation of open

ThR by exposure to either oxygen plasma or short wavelength

UV radiation, decreased the water contact angle of the resin

which, however, may recover slowly to its initial value.

Here we report a simple post-functionalization protocol to

tailor the wettability of NOA surfaces in an ample interval of

contact angles by using chlorosilane chemistry. Hydrophilic and

hydrophobic surfaces were obtained both in open and closed

chip geometries.

Experimental

Thiolene-based (liquid) monomers solutions are available from

Norland Products under the acronym NOA. Various formula-

tions exist, differing in their mechanical properties, curing time,

viscosity and refractive index. In this work we chose NOA81

mainly because it has very short curing times, if compared to

other NOA products. A mixture of 1,1,1-tris(mercaptomethyl)-

propane (1), trimethylolpropane diallyl ether (2) and isophorone

diisocyanate ester (3) is generally accepted for NOA products

(see Scheme 1).11 Thiolene bonds (between 1 and 2) and

thiourethane bonds (between 1 and 3) are expected to form

upon UV irradiation, while the hydroxyl group in 2 should in

principle survive the thiolene reaction and be available for post-

functionalization.

ThR surfaces were prepared by spin coating NOA81

precursors over 399 6 199 microscope slides (Corning Inc.),

followed by curing with UV light (365 nm) for 30 min and

thermal annealing overnight at 50 uC (see the ESI,{ section S1,

for detailed spin coating procedure). Solutions of octadecyltri-

chlorosilane (OTS, from Sigma-Aldrich) and 2-methoxy(po-

lyethylenoxy)propyl trichlorosilane (PTS, from ABCR GmbH)

were prepared in HPLC-grade toluene (5% v/v) in a round

bottomed flask. Flat ThR surfaces were dipped for 15 min in the

solution of interest, then thoroughly rinsed with toluene,

isopropanol and dried under a nitrogen flow. In order to test

the functionalization procedure on closed channels, two micro-

channels with a rectangular cross section (500 6 200 mm) were

fabricated by double replica molding of an SU-8 master.13 At

first, we obtained its negative in PDMS, which was used as a

aDepartment of Chemical Sciences and ITM-CNR, University of Padova,
Via Marzolo 1, 35131 Padova, Italy. E-mail: michele.maggini@unipd.it;
Tel: +39 0498275662
bCNISM and Department of Physics and Astronomy, University of
Padova, Via Marzolo 8, 35131 Padova, Italy.
E-mail: giampaolo.mistura@unipd.it; Tel: +39 0498277020
{ Electronic supplementary information (ESI) available: (S1) preparation
of NOA surfaces; (S2) ATR-IR spectra of surface-modified NOA81
powders; (S3) fabrication of the Y-junction chip; (S4) movie of a passive
valve demonstrator device. See DOI: 10.1039/c2lc40651a Scheme 1 NOA81 components.
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mold for the channel in ThR. A film of ThR was then spun on a

transparent plastic foil and the two parts sealed. The silanization

was carried out by filling the channels with the same solutions

described above, followed by rinsing with toluene and isopro-

panol, and drying with a nitrogen flow.

Demonstrator devices, in which an incoming fluid stream is

forced to meet a Y-shaped junction and flow through either a

hydrophilic or a hydrophobic conduit, were produced (Fig. 1). In

order to treat the two channels with different chlorosilanes, a

steady nitrogen flow was plugged into inlet C, while a OTS

toluene solution was injected with a syringe through inlet B. The

nitrogen flow assured that accidental extra-volumes of chlor-

osilane solution could flow towards inlet A, rather than

contaminate the surfaces of the other channel. The chlorosilane

solution was left in contact with the conduit walls for 5 min, and

then removed with a syringe, while toluene was flushed through

inlet A without stopping the nitrogen flow. After extensive

flushing with toluene, the nitrogen flow was moved to inlet A

and the PTS solution was injected through inlet C. In this case,

any extra amount of OTS solution would flow towards inlet B,

where the conduit had previously been functionalized.

Flat ThR model samples, functionalized with OTS and PTS,

were characterized by sessile water drop contact angle (WCA).

Water drop profiles were recorded with a custom-made

apparatus.13 In order to get statistically sound results, at least

five drops, deposited randomly over the surface, were analyzed.

A similar experimental setup was also employed to observe the

water–air meniscus during the filling of closed channels with

water at a pressure of 15 mbar. Both the angle of the meniscus at

the channel wall and the filling rate were measured before and

after functionalization. The demonstrator chip was also char-

acterized during filling with water in the same way.

Results and discussion

Fig. 2 displays the profiles of the water drops recorded on open

ThR model surfaces treated with PTS (a), untreated (b) and

treated with OTS (c). WCA values are reported in Table 1. The

experiment was repeated once a month over a three month

period, in order to study the stability of the functionalized

surfaces. Both the WCA mean values and the standard

deviations (s) for each measurement are reported, the latter

assessing the homogeneity of the surface.

ATR-IR spectra, collected on pulverized samples of ThR

resin, are reported in the ESI{ (section S2). They confirm the

presence of aliphatic chains on the resin surface upon OTS

treatment. On the other hand, the absorptions of oxyethylene

groups of PTS moieties could not be detected clearly, because

they were covered by those of the ThR bulk. In any case, the

functionalization procedure described above enabled the mod-

ulation of the ThR WCA which was modified from about 70u
(untreated surface) to about 45u (PTS-treated surface) or 110u
(OTS-treated surface). The standard deviation of the WCA data

was low, albeit larger on treated surfaces than on pristine ones,

suggesting a homogeneous functionalization of the surfaces.

Additionally, WCAs changed slightly over months, without any

monotonic tendency towards the starting values. Mixtures of

OTS and PTS were also tested to tune surface wettability for

intermediate contact angles. Unfortunately, this approach gave

contact angle values affected by a high standard deviation,

suggesting segregation of the chlorosilanes on the polymer

surface.

The behavior of the water–air meniscus in a closed channel

results from the interplay of geometry and surface wettability.

Indeed, treatment of ThR closed channels with OTS or PTS

resulted in the modification of the shape of the static meniscus

(Fig. 3), as well as of its velocity during filling of the channel at

constant pressure. These phenomena were assayed by taking

images of the advancing water–air meniscus, both before and

after the functionalization of the channels (Table 2). The

observed WCA values closely resemble those measured on open

model surfaces; also the filling rate was affected accordingly.

Fig. 1 Y-junction demonstrator chip. The bottom channel, leading to

inlet C, was treated with PTS to become hydrophilic. The one leading to

inlet B was treated with OTS to become hydrophobic.

Fig. 2 Profiles of water droplets deposited on ThR surfaces: a) PTS-

treated; b) untreated; c) OTS-treated.

Table 1 Observed water contact angles (WCA), calculated by averaging
5 measurements carried out on random positions over the sample having
a size of 2 6 2 cm. Standard deviations (s) are reported as a way to
assess the uniformity of the surfaces

Pristine ThR surface
Months passed 0 1 2
Sample no WCA (u) s (u) WCA (u) s (u) WCA (u) s (u)
1 70 2 69 1 74 2
2 68 2 69 1 72 1
3 72 2 75 1 71 1
PTS-treated ThR surface
Months passed 0 1 2
Sample no WCA (u) s (u) WCA (u) s (u) WCA (u) s (u)
1 44 3 46 1 46 3
2 49 3 50 2 53 2
OTS-treated ThR surface
Months passed 0 1 2
Sample no WCA (u) s (u) WCA (u) s (u) WCA (u) s (u)
1 114 3 115 3 111 3
2 110 2 111 3 106 6
3 111 2 110 2 113 2
4 107 3 108 1 98 1
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The differences in the interaction of water fronts with

hydrophobic and hydrophilic channels, that have been reported

so far, were exploited in the Y-junction demonstrator shown in

Fig. 1 that was made according to the procedure reported in the

ESI,{ section S3. The demonstrator, equipped with one hydro-

phobic and one hydrophilic arm, worked as a passive valve by

directing selectively water flows through the hydrophilic channel

(see ESI,{ section S4, for a video that shows a water front crossing

the Y junction in the direction of the hydrophilic arm exclusively).

Conclusions

In summary, we have demonstrated a practical method for

functionalizing thiolene resins of the NOA family that comple-

ment PDMS for the fabrication of microfluidic devices.

Chlorosilane/–OH interfacial chemistry was used to control the

resin surface wettability by choosing different trichlorosilane

derivatives. The contact angle did not change for samples stored

under ambient conditions for months. The method was

successfully employed to modify closed channels and proved

useful for the fabrication of passive microfluidic valves. We

envisage that this general strategy, in principle, can be expanded

to other chlorosilanes to create a variety of functional surfaces

especially useful for handling droplets and multiphasic flows.
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