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ABSTRACT

SUPPRESSION OF COFFEE-RING EFFECT IN RANDOM
OPTICAL POTENTIALS

Yard�mc�, Merve Ya§mur

M.S., Department of Physics

Supervisor : Assoc. Prof. Dr. Alpan Bek

August 2017, 73 pages

Drying a liquid (e.g. water) drop containing uniformly dispersed microscopic

particles results in the particles' migration towards the edges of the drop; after

the drop evaporates the suspended particles remain concentrated around the

original drop edge. This so-called �co�ee-ring� e�ect does not depend on the na-

ture of the solvent or the solute; thus it is ubiquitous in nature and challenging to

avoid. However, in many applications such as inkjet printing, coating and many

other biological processes, there is need to suppress and control the co�ee-ring

e�ect due to the requirement of uniform deposition of the suspended particles.

Such approaches include changing the shape of the particulate suspension, us-

ing acoustic waves, or adding hydrosoluble polymer during the evaporation. In

this work, we investigate the evaporation of liquid droplets containing passive

and active particles under random optical potentials. In particular, we exper-

imentally show that while drops of a suspension of 3-µm diameter polystyrene

particles show typical co�ee-ring when no optical potentials are applied, they
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form uniform distribution, suppressing the co�ee-ring formation when a random

optical potential is present.

Keywords: Self-assembled patterns, evaporating droplets, bacteria, optical trap-

ping, speckle pattern
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ÖZ

OPT�K POTANS�YEL ALTINDA KAHVE HALKASI ETK�S�N�N
BASTIRILMASI

Yard�mc�, Merve Ya§mur

Yüksek Lisans, Fizik Bölümü

Tez Yöneticisi : Doç. Dr. Alpan Bek

A§ustos 2017 , 73 sayfa

Homojen ³ekilde da§�lm�³ mikroskobik parçac�klar� içeren bir s�v� damlas�n�n (ör-

ne§in su) kurumas�, damlan�n kenarlar�na do§ru olu³an parçac�k göçü ile sonuç-

lan�r. Damla kuruduktan sonra, ak�³kan içerisinde as�l� kalm�³ olan parçac�klar

esas damlan�n kenar�nda konsantre bir ³ekilde kal�rlar. Do§ada her yerde kar³�-

la³mam�z�n mümkün oldu§u ve kaç�n�lmas� güç olan, �kahve halkas�� etkisi olarak

bilinen bu durum çözücü veya çözünmü³ maddenin do§as�na ba§l� de§ildir. Bu-

nunla birlikte; mürekkep püskürtmeli bask�, kaplama ve çe³itli biyolojik i³lemler

gibi say�s�z birçok uygulamada, as�l� parçac�klar�n homojen çökelmesi gereksini-

minden dolay�, �kahve halkas�� etkisini bast�rma ve kontrol alt�na alma ihtiyac�

duyulmaktad�r. Ask�da kalan parçac�k ³eklinin de§i³tirilmesi, akustik dalgalar�n

kullan�lmas�, veya buharla³ma esnas�nda suda çözülebilen polimer ilave edilmesi

bu amaca yönelik kullan�labilecek yöntemlerden birkaç�d�r. Bu çal�³mada ise,

optik potansiyel uyguland�§� taktirde kahve halkas� etkisinin nas�l bir de§i³ime
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u§rayaca§� gözlemlenmek istenmi³tir. Aktif ve pasif parçac�klar içeren s�v� dam-

lac�klar�n geli³igüzel optik potansiyelleri alt�ndaki buharla³mas� ara³t�r�lm�³t�r.

Özellikle, 3 mikrometre çap�ndaki polystyrene parçac�klar�ndan olu³an damla-

lar kururken optik potansiyelin olmamas� durumunda tipik kahve halkas� etkisi

gösterirken, optik potansiyel uyguland�§�nda parçac�klar�n homojen bir da§�l�m

gösterdi§ini deneysel olarak göstermi³ bulunmaktay�z.

Anahtar Kelimeler: Kendili§inden olu³an desenler, buharla³an damlalar, bakteri,

optik tuzaklama, benek deseni
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CHAPTER 1

INTRODUCTION

What we call "ordinary" and encounter in our everyday lives, in fact, has a

very di�erent place and signi�cance in the world of science. Indeed, we are all

aware of many things around us; however, we are so used to them that most

of the time we are incapable of questioning them. For example; have you ever

noticed the co�ee-stain that has formed after a while as a result of a spilled

co�ee droplet? If you have noticed it, do you have any idea why and how it

happened? This phenomenon, which we see as being very simple, has become

the center of attention for many researchers in the physics world especially in

recent years and contrary to expectations it is actually based on a surprising

amount of basic physics and mathematics.

Starting from this point let's ask the following question: What happens if we

evaporate a droplet including dissolved particles? I think it does not sound

di�cult. People who consume a lot of co�ee, i.e. co�ee drinkers, will be able to

answer this question easily. After a spilled co�ee drop dries on a substrate, a

dark ring appears on the outside while leaving a lighter area of stain inside. The

formation of these ring-like depositions at the outer boundary of the droplet is

known as �Co�ee-Ring E�ect�.

Because of its name it can be thought that this e�ect is exclusive to only co�ee.

However; any complex liquid consisting of suspended colloidal particles such as

tears, blood, red wine, pumpkin soup displays this behavior after the evaporation

process on a substrate [3]. It is shown in Figure 1.1 with some visual examples.
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Figure 1.1: Di�erent kinds of stains (a) co�ee-stain [1] (b) blood-stain [2] (c)
pumpkin soup stain [3] (d) red wine stain [4]

Now, let's take a look at the signi�cance of this e�ect and its scienti�c uses.

To be able to solve several problems in pure science and in emerging technolo-

gies such as multiple ring pattern formation [5], stretching and deposition of

DNA [6, 7], DNA and RNA microarrays [7], optoelectronics [8], colloidal self-

assembly [9], lithography [10], high resolution inkjet printing [11], thin �lms and

functional coatings [7], medical diagnosis and drug discovery [12, 7], spotting

methods for gene mapping and biochemical assays [7], chromatography [13] and

many applications which requires the control of particle deposition, a full un-

derstanding of the co�ee-ring e�ect has great importance [3]. With the help of

this e�ect, various kinds of functional thin �lms for electronic circuits can be

created by depositing metal particles. Also, localized areas with homogeneous

and particular desirable characteristics can be created by using di�erent kind

of suspended materials in the droplets to arrange tiny crystals in the �eld of

semiconductors developing techniques that enhance the e�ciency of materials

used in almost everything from electronics to solar energy harvesting [14]. Fur-

thermore, in the detection of some certain diseases it is a very practical way to
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observe dried body �uid deposits [15]. If you look at Figure 1.2, you will see four

di�erent image of evaporated blood droplets taken from healthy people, anaemic

and hyperlipidaemic patients. As blood droplets evaporate and dry, di�erence

in their cracks and shape can be observed. By this informant pathway obtained

from the �nal deposits it can be determined whether the individuals who have

donated blood samples are healthy or not. In Figure 1.2, (a) and (c) belong

to healthy individuals, (b) depicts a person with anaemia and (d) indicates a

person with hyperlipidaemia [16]. Many other similar examples can be given

under the heading of applications where the co�ee-ring e�ect is e�ective.

Figure 1.2: Examples of evaporated and dried blood drops from four di�erent
individuals (a,c) healthy individuals (b) individual with anaemia (d) individual
with hyperlipidaemia [16]

As explained above, there are many applications and emerging technologies that

bene�t from the co�ee-ring e�ect. On the other hand; there are also many

industrial applications in which it is desirable to control and even overcome. It

is not always a desirable and favored formation. For the sake of an example

from biotechnology, examination of biological moieties such as DNA molecules

or bacteria requires a homogeneous disc-like or concentrated deposition on a
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substrate [3]. Therefore, many researches have been carried out research to

attempt to suppress this co�ee-ring e�ect for the control of the deposit pattern

and there are various methods applied in this direction. In both cases where this

e�ect is desired and undesired, how the stains are formed should be de�nitely

known.

The formation of the co�ee-ring e�ect is determined by three ingredients which

are contact line pinning, nonvolatile solute and outward �ow. Changing the �ow

caused by the �uid evaporating from the edge of the droplet is a general approach

in the suppression of the ring stain to have a uniform and concentrated deposit.

An irregular temperature pro�le is formed during the evaporation process and

consequently, a surface tension activates the thermal Marangoni �ow. Depending

on this Marangoni e�ect, the movement of the surface liquid, the thickness and

density of the resulting boundary line of the evaporated droplet alter. Therefore,

the weaker the Marangoni e�ect, the denser the ring stain is formed. When it

is strong, the particles at the stagnation point in which the direction of surface

�ow changes start to accumulate around the center of the droplet instead of the

edges of it. [17] So, thanks to the applicable and developable methods in this

direction it is possible to control and even overcome the co�ee-ring e�ect.

Drying a droplet in a controlled and homogeneous distribution is not an easy

process but it is not impossible. As the simplest method, with the provision

of su�cient rapid evaporation conditions it may be possible to homogeneously

deposit the particles in the interior rather than at the edge of droplet without

making any changes to the droplet composition or the particles modi�cation [18].

Another common method is changing the particle shape, which is illustrated in

Figure 1.3. It has been observed while round particles accumulate at the drop

edge by showing a common co�ee-ring e�ect, elongated ones leave behind a disk-

like concentrated uniform stain rather than a ring-like nonhomogeneous stain.

Therefore, the behavior of the co�ee stains can be changed by manipulating the

particle shapes [19]. Another known method for suppression of the co�ee ring

e�ect is to bene�t from hydrosoluble polymer additives [13] or surface acoustic

waves (SAWs) [20]. These methods are explained in detail under the heading of

`Applications' in the co�ee-ring e�ect chapter.
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Figure 1.3: The e�ect of di�erent shaped particles on the co�ee-ring e�ect.
Adopted from [21]

In the light of all this information, this thesis focuses on another method that

we found to control and suppress the co�ee-ring e�ect. I have investigated the

e�ect of random optical potential application on a liquid droplets containing

active and passive particles.

5



6



CHAPTER 2

CONDENSED MATTER PHYSICS

At the beginning of the 20th century, some �elds concentrating on studying

several aspects of solid matter such as magnetism, elasticity, metallurgy and

crystallography gained importance among the other research �elds of physics

[22]. In the 1940s these �elds started to be investigated under the new discipline

of �solid state physics�. Then, just two decades later, investigation of the physical

properties of liquids was also added to that area and a new comprehensive name,

which is �condensed matter physics�, was given to that �eld [22].

Condensed Matter Physics (CMP) is one of the sub�elds of physics and physical

properties of condensed phases of matter are investigated under that �eld. There

are many practical applications taking advantage of this area. It is possible to

give many research examples in a wide range of areas. The topics that condensed

matter physics generally concentrates on includes magnetism, superconductiv-

ity, complex �uids, semi-conductors, thin �lms, photonic crystals, structure of

ordered and disordered solids, nano-electronics and nano-optics [23]. Because of

this extensive research �eld, CMP is by far one of the most important and the

largest working areas of modern physics.

In order to be able to study condensed matter physics, we de�nitely need to

understand di�erent phases of matter, the relationship between the atoms such

as forces and intermolecular attractions etc. Broadly speaking, states of matter

available in nature can be classi�ed into three di�erent phases as solids, liquids

and gases, which all are constituted by microscopic particles.
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Figure 2.1: Solid vs. Liquid. Adapted from [24]

As can be seen from the Figure 2.1, while solids have a rigid structure and

their bonds are stable, liquids have a �exible structure and, bonds breaking

and forming dynamically. Solids can also be divided into two categories as

crystal, which has a regular repeating pattern, and glass, whose particles are not

arranged in a regular pattern [24]. Because of the strong particle interactions

and intermolecular forces due to the closeness of the particles to each other,

solids and liquids are often referred to as �condensed matter�. Depending on the

type of the material of interest, condensed matter is generally examined under

the di�erent headings by subdividing into two categories which are �hard� and

�soft� condensed matter [24].

2.1 Hard Condensed Matter

Hard and soft condensed matter, which make up the condensed matter physics,

can be distinguished from each other by the role of quantum mechanics for the

elementary excitations of the systems. In soft condensed matter physics, which

studies the statistical mechanics of biomolecules, liquid crystals, gels, polymers,

colloids etc., classical mechanics is su�cient to comprehend the motion and

accumulation of the systems[25]. On the other hand, classical dynamics is not

su�cient in studying hard condensed matter physics and therefore, quantum

mechanical rules go into e�ect. Because of that, the term �h̄=0� physics is

used for de�ning soft condensed matter physics and the term �h̄=1� physics
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is utilized for hard condensed matter physics in which lattice vibrations and

electrons' motion are determined by Schrödinger's equation [25].

2.2 Soft Condensed Matter

The term �soft matter� or �soft condensed matter� is used to describe a large

class of materials, which are easily deformed with the e�ect of external forces

and thermal �uctuations, in the state of matter that is neither basic liquid

nor crystalline solid [26, 27]. Instead of �soft matter� term, there are some other

synonym terms that can be used as �colloidal suspensions�, �colloidal dispersions�

or �complex �uids� even though the soft matter does not have to be �uid [26, 27].

Surfactants, polymers, gels, colloidal suspensions, active matter such as bacterial

suspensions and biological polymers can be shown in the scope of that sub�eld

of physics [28, 29, 30, 31]. From the combination of the words �glue� and "kind�

Greek-origin term �colloid�, which means �sticky stu��, came out in the 1861 by

Thomas Graham. [32]. Soft matters can be investigated in two categories in

itself as active and passive soft matter.

2.2.0.1 Active and Passive Soft Matter

There are a lot of colloidal particles that make up the soft matter and they can

be characterized by their electrical, optical, structural, mechanical and chemical

properties. It is possible to collect all of them under two fundamental frame-

works namely �passive� particles moving with the e�ect of external forces and

torques, and �active� particles self-propelling by gaining kinetic energy from

their surroundings and by converting it into directed motion, also known as

self-propelled micro swimmers [26, 33, 34]

Active colloids can be further grouped into two categories which are natural ones

in the form of micro-organisms, can be called as biological micro swimmers, and

synthetic self-propelled particles, can be termed arti�cial swimmers [33]. These

biological or man-made microscopic or nanoscopic active Brownian particles have

great importance in the studies of physical and biophysical �eld [36].

Table 2.1 summarizes the classi�cations mentioned so far.
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Figure 2.2: Biological and Arti�cial Active Brownian particles. Their sizes are
in the range of micro and nano scale. They have propulsion speeds up to a
fraction of a millimetre per second. Adapted from [35]

Table2.1: Classi�cation of the Condensed Matter Systems
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2.3 What makes colloidal particles so special?

Colloids acting as a bridge between the microscopic and macroscopic scale are in

the middle between particulate suspensions and solutions with respect to particle

size and their optical properties [37]. They are composed of two phases: the

dispersed phase consisting of small insoluble colloidal particles and the dispersion

medium including colloidally dispersed and suspended particles.

Colloids, which can be made from solid, liquid and gas, looks as homogeneous

but in reality they are heterogeneous mixtures consisting of particles in size

between 1-1000nm. Since the dispersed particles are very small, when viewed

from afar it seems as homogeneous. However; when it is observed closely under

the light, particles inside can be seen easily. Blood, starch-water mixture, smoke,

fog, foam, milk, mayonnaise, muddy water, paint, dust cloud can be given as an

example to that [38].

Figure 2.3: Fundamental properties of solutions suspensions and colloids acting
as a bridge between these two mixtures

What makes colloidal particles so special is three characteristic features which

are particle shape and �exibility, surface chemical and electrical properties, and

most importantly the particle size. Particle surface area de�nes the e�ectiveness

of a colloid and the particle size also plays a role in determining the surface area

of the particle [39]. As particles are getting smaller, surface area starts to be
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greater. When a solid is sliced up to smaller pieces, more surface is obtained

with the same preserved total mass but altered total surface area. Because a

large number of smaller new surfaces are created, surface area to mass ratio

become tremendously large. Therefore, the smaller the particle sizes, the larger

the surface area.

Figure 2.4: The importance of surface area [39]

Table2.2: Basic calculation for �guring out the in�uence of particle size on the
total surface area

Why we are so interested in surface area is that surfaces or interfaces between

phases have their own physical and chemical characteristics, which are generally

hidden from us because of the limited amount of surface area in relation to the

quantity of matter in bulk matters. So the result that we are supposed to extract

from here is that while the colloidal solids sizes are getting smaller, the features

of their surfaces starts to dominate their behavior [37].

2.3.1 Properties of Colloidal Dispersions

Colloidal systems display remarkable optical, mechanical and electrical charac-

teristics.
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2.3.1.1 Optical Property: Tyndall E�ect

Distinctive aspect of colloidal dispersions from true solutions is their light-

scattering features. While a beam of light passing through a colloid is scattered

by the particles in the light path which is visible, light passing through a true

solution such as salt in water, ethanol in water, air, sucrose dissolved in water is

scattered so little in the path which cannot be observed and the amount of light

scattered cannot be detected without the help of sensitive instruments. This

phenomenon is known as Tyndall e�ect, which is the result of light scattering

by colloids, and it is discovered by John Tyndall in 1869 [40]. This e�ect can be

observed solely in colloids, not in true solutions.

Figure 2.5: Tyndall E�ect (a) True solution: beam of light is transmitted with
some re�ection on the test tube glass. There is no scattering inside. Path of
light cannot be seen (b) Colloid: beam of light scatters o� surfaces of suspended
particles. Path of light becomes visible [42]

Tyndall e�ect and Rayleigh scattering are very comparable to each other. The

size of the particles de�nes the intensity of Rayleigh scattering. It is proportional

to the fourth power of the frequency, which means that the longer wavelengths of

the visible spectrum is scattered weaker than the shorter wavelengths. According

to that e�ect, the shorter wavelength light is more re�ected through scattering
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while the longer wavelength light is more transmitted [41]. It is something that

can be seen in our daily life. For instance, what gives rise to the sky to seem to be

blue is the Tyndall e�ect. After sunlight penetrates the Earth's atmosphere and

travels through millions of small particles in the air like dust and various debris,

it is scattered; and because the shortest wavelength belongs to blue color, the

sky is seen as blue preponderantly [43]. Also, while shortwave electromagnetic

waves such as light waves are obstructed and re�ected by the walls, longwave

electromagnetic waves such as radio waves are able to penetrate into the walls

of buildings [41].

2.3.1.2 Kinetic Property: Brownian Motion

Since the early of 19th century various scienti�c studies on colloids have been

carried out and the one that can be shown among the �rst striking works was

done by British botanist Robert Brown [44]. Because of their sizes, it is not

possible to observe them under an ordinary optical microscope. That's why for

the observation of colloidal particles a special microscope was designed, which

is known as an ultramicroscope invented in Austria in 1902 [45]. Thanks to

that microscope, particles still cannot be seen directly but the location of the

particles can be de�ned with the scattered light at any given instant. When

colloidal particles are observed under an ultramicroscope, it is seen that the

particles are making a continuous and rapid zig-zag motion, which is named as

Brownian movement [37].

As can be seen in Figure 2.6, as a result of the collision of particles, they are

directed to di�erent directions by the e�ect of driving force. When the particle

moving in one direction collides with another one, its direction changes and this

process goes on like this. Random zig-zag movements of the colloidal particles

are formed in that way. Particle size and the viscosity of the dispersion medium

are two important parameters de�ning the intensity of that random motion.

The lighter the particles and the less viscous the dispersion medium, the faster

the motion. Correlatively, the heavier the particles and the more viscous the

dispersion medium, the slower the Brownian motion. This constant motion

causes the stabilization of colloidal solution to a certain extent by preventing
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Figure 2.6: Brownian Movement [46]

the particles from settling down because of the gravitational forces a�ecting the

colloidal particles [40].

2.3.1.3 Electrical Properties

Another important property of colloidal particles constituting the dispersed

phase is that they are electrically charged with respect to the dispersion medium,

therefore there is always di�erence in electric potential between the colloid phase

boundaries. Because all of these colloidal particles carry electric charge with the

identical sign, there happens a repulsive electrostatic force between them as

we understand from the Coulomb's law which is one of the fundamental rules

of physics. That's why the particles can remain dispersed in the dispersion

medium. So, when they are put under an electric �eld, colloidal particles are

forced to migrate towards the oppositely charged side [47]. This phenomenon is

called as electrophoresis and with that method separation of a colloidal mixtures

such as protein can be possible [48].

So, what has been written so far can be summarized with a scheme as shown in

Figure 2.7. Some information, which helps us in determining the mixture type
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Figure 2.7: Scheme showing various properties summarizing the seperation of
mixture types [37]

and separates the particulate suspensions, solutions and colloids, such as particle

size scale, �ltration type and optical properties that make them recognizable is

collected under a common scheme.

2.3.2 Applications

Active and passive soft matters play a very crucial role in nature and our daily

life, e.g. medicines, puri�cation of water, photography, smoke precipitation,

rubber industry and etc. For example, by utilizing the electrical properties of

colloidal particles, it is possible to dispose the sewage water. When that water

is put under the high potential, thanks to the electrophoresis characteristic of

colloidal particles, they are coagulated and only pure water remains by removing

the suspended matter [49].

Passive and active Brownian particles contribute to science with their character-

istic properties. Many researches are carried out by taking advantage of these

particles and let's give them some examples (see Figure 2.8 and Figure 2.9).

It has been demonstrated that bacterial �agella can perform the same function as

nano actuators for swimming at micro scale by Bahareh Behkam and Metin Sitti

from Carnegie Mellon University. Microscale objects are propelled forward with

the e�ect of collective propulsion force created by bacteria's �agellar motors as

a result of adhesion of the bacteria to that objects. By controlling the rotation
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Figure 2.8: Optical microscope images of a mobile 10 µm polystrene particles
and many Serratia marcescens bacteria attached to PS particles (a) t=0 and (b)
t=6s [50]

of that �agellar motors of bacteria it has been shown that it is possible to

manipulate the motion of such microscale objects [51]. While in that research

there was a random adhesion of bacteria over the whole surface of microbeads,

in another research shown in Figure 2.8 to be able to regulate where bacteria

attaches to the bead and to make better the e�ectiveness of the propulsion and

the motion directivity, the microbeads are patterned.

With that method, they observed that patterned beads have more e�ciency

than unpatterned ones and moving with approximately the similar speed for

half of the number of attached bacteria. The other advantage is this method

enabled to have improved directivity of motion by nearly 25%. Also, they inves-

tigated the e�ect of bead size on the attachment density and thus the propulsion

force [50]. So, they concluded that this work may lead other studies for micro-

robotic applications by understanding the hydrodynamics of bacterial �agellar

propulsion.

And in their next study, a stochastic dynamic model of previous work has

done by Veaceslav Arabagi and Eugene Cheung in addition to �rst two au-

thors. Miniature mobile robots have a great importance in minimally invasive

diagnosis and their treatments in the human body, environmental monitoring,

search and rescue, security and in many other applications in terms of enabling

us to reach small areas and working in parallel with numerous agents through

distributed control. In the works initiated by way of these thoughts, it has been
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Figure 2.9: Trapping and transportation of a living motile bacterium [52]

seen that �agellated bacteria is used as actuators in liquid medium and so self-

propelling bacteria can be used as swimming microrobotic bodies by attaching

spherical microbeads. With the stochastic model improved for that study it is

supposed to enable us a possibility for future potential targeted drug delivery

and disease diagnosis applications of bacteria propelled microrobots [52].
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CHAPTER 3

OPTICAL TRAPPING

3.1 Introduction

Figure 3.1: The direction of re�ected and transmitted beams. Adapted from
[54]

When a laser beam is directed through a huge transparent object, such as prism

displayed in Figure 3.1, there occurs a back re�ection of a fraction of the power of

a laser beam and the rest penetrates through the prism and exits from the other

side. According to the Newton's action-reaction law, because of the di�erence in

the direction of laser beams incoming, re�ected and transmitted, there happens

a change in the mechanical momentum, which results in a force on the object. It

was already proved by Arthur Ashkin, who has been seen as the father of optical

trapping �eld, that microscopic particles can be speeded up with the e�ect of

the force of radiation pressure from a continuous laser and can be con�ned in

3D dimension as well, which forms the basis of optical tweezers [53]. How to
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identify the laser beam is possible by thinking it as an accumulation of light rays

for using geometrical optics which has taken advantage of calculating the optical

forces. It provides an ease while studying with the object of interest taht are

comparatively greater than the wavelength of light, like cells and huge colloidal

particles whose size is generally importantly larger than one micrometer [54].

The ability to remotely control matter with lasers is playing a great role in biol-

ogy and physics. Optical tweezers produced by utilizing radiation pressure from

a single laser beam were �rst realized in 1986 by Arthur Ashkin and co-workers

at the Bell Telephone Laboratories [55, 56]. They published a paper which is

titled as �Observation of a single-beam gradient force optical trap for dielec-

tric particles�. This technique is now termed as �optical tweezers� or �optical

trapping� [55]. In principle, for manipulating and applying forces to submicron

particles, E.coli �agella [57], single kinesin motor [58, 59] and cytoplasmic dynein

[60], optical traps use light and for that purpose the radiation pressure from a

focused laser beam is used. In addition, information about the position of the

object in the laser focus is obtained by measurements of the light de�ection.

Optical tweezers are very useful tools for studying biological systems in terms of

the picoNewton and nanometer ranges of force and distance accessible to optical

traps [56].

3.2 The Physics behind the Optical Trapping

The interaction of light with matter constitutes the most basic idea behind

optical trapping. When Ashkin did the optical trapping experiments in 1986, he

noticed that objects with high refractive index moves towards the center of the

beam with an unfocused laser beam in the direction of propagation, and then

he realized that in three dimension thanks to a single tightly focused laser beam

small spherical dielectric particles could be captured [55].

When light interacts with the object, some fraction of its momentum is trans-

ferred to the object and there happens an axial force on it by momentum con-

servation. As shown in Figure 3.2, the particle captured in optical trap displays

a Gaussian distribution created by harmonic potential characteristic of electric
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Figure 3.2: A strongly focused laser beam is used in optical tweezers for the
trapping of particles [61]

�eld due to the focused laser. What is needed for a stable and homogenous trap-

ping force on a particle is �rst the laser producing a collimated, monochromatic,

coherent Gaussian beam so that light can be focused to a di�raction limited

spot by the microscope objective [62], and secondly a high numerical aperture

objective providing a steeper light rays and so a stronger axial trap [63].

3.2.1 The forces generated by optical tweezers

Every photon carries momentum h/λ and energy hv, so when the object absorbs

the light, the momentum transferred from a light beam of power P gives rise to

a reaction force F on the object, calculated by

F =
nP

c
(3.1)

where n is the refractive index of the medium and c is the light velocity. The

forces generated by optical tweezers can be described with two distinct ap-

proaches which are ray optics model in case particles at least 20 times larger
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than the wavelength of light (d�λ) and the dipole approach in case particles

smaller than the wavelength of light (d�λ) [55].

3.2.1.1 Ray Optics Approximation (d�λ) (Mie-Regime)

In that approach for �nding the scattering and gradient forces particles trapped

should be greater than the wavelength of light (d�λ) and their refractive in-

dex should be smaller than the surrounding medium. By using ray optics, the

component forces can be modeled [64]. Here, the shape of the particles matters

and it is generally spherical. Intensity, momentum and direction rays described

by geometric optics individually compose an incident monochromatic collimated

laser beam [64].

Thus, by using ray optics it is possible to calculate straightly the optical forces

which are scattering Fscat and gradient Fgrad for a uniform dielectric spherical

particle:

F (scat) = [
nm.P

c
(1 +Rcos(2θR))]− [

T 2
F (cos(2θR − 2θT ) +Rcos(2θR))

1 +R2 + 2Rcos(2θT )
] (3.2)

F (grad) = [
nm.P

c
(1 +Rsin(2θR))]− [

T 2
F (sin(2θR − 2θT ) +Rcos(2θR))

1 +R2 + 2Rcos(2θT )
] (3.3)

where R and TF are the Fresnel coe�cients, and θR and θT are the angles for

re�ection and transmission of the incident rays.

In Figure 3.3, the laser focus point and the particle is illustrated with red region

and blue ball respectively. Also, light rays are represented with the black arrows

and their intensities is shown with the thickness of these arrows. Thanks to

them, forces acting on the particle and the direction of movement of the particle

with the e�ect of these forces can be seen in detail. In the case that the laser is

tightly focused, force can be generated to make the particle move towards the

laser focus point, which results in a three dimensional trap with a single laser

beam. In addition, the direction of the force resulting from refraction is related
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Figure 3.3: Display of the optical forces according to the ray-optics regime.
The summation of the rays provides an (a) axial force owing to the vertical
displacement from trap centre; (b) radial force owing to the lateral displacement
from trap centre. Taking into account gravity and scattering, (c) the axial and
(d) radial gradient force must be the dominant component to form an optical
trap [64]

with the intensity of the laser beam instead of the direction of propagation. So,

it can be concluded that the reversing of the light ray direction does not cause

any change in force direction [55].

3.2.1.2 Rayleigh Approximation (d�λ)

It is the case where the particle size trapped is smaller than the wavelength

of laser beam (r�λ) and here instead of the ray optical approach it is much

suitable to think the forces resulting from refraction with regard to the electric

�eld near the trapped particle. As in the �rst case which is Mie regime, here
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also we can divide the forces into those caused by an intensity gradient and

scattering of the light [55].

Because of the polarizability of the atoms or ions light coming upon a particle

generates a dielectric response. So, the induced dipole moment is;

~p = α. ~E (3.4)

And then the electrostatic potential is generated from the result of an interaction

between the induced dipole moment and light's electric �eld;

U = −~p. ~E (3.5)

So the gradient force is;

~Fgrad = −~∇U = −p.~∇ ~E = −α(E.∇) ~E (3.6)

For a small particle of radius rp, it leads to the force relation;

~Fgrad = −
n3
m.r

3
p

2
(
n2
c − 1

n2
c + 1

)∇ ~E2 (3.7)

where nm is medium refractive index, nc is ratio of the refractive index of the

particle np to the index nm of the surrounding medium, and α is written in

open form valid for a small particle in an aqueous medium. According to the

description of Clausius-Mossoti relation, spatial alteration of light �eld intensity

and the dielectric contrast of the trapped particle considering the surrounding

medium are two important terms to de�ne the gradient force [55, 64]. So, from

that equation the following conclusion can be reached that the force is directed

towards the area which has the highest intensity of light.

Also there is another force caused by the scattering of light, which is a result of

photons having momentum. It is called scattering force acting in the direction

24



of light propagation and depending on the light intensity instead of the gradient.

The momentum of a single photon of energy E;

~p = h̄.~k =
~E.nm

c
(3.8)

Scattering from the particle causes two impulses in the light propagation direc-

tion and in the opposite direction of scattered photon. By thinking that the

photon �ux colliding with and quitting an object under the momentum con-

servation we can compute the change in momentum, or force in the following

way;

~Fscat =
n̂

c

∫∫
( ~Sin − ~Sout).d ~A =

n̂mσ〈S〉
c

(3.9)

where S is the time-averaged Poynting vector, c is the speed of light, σ is the op-

tical cross section of particle. For a small (than the light wavelength), spherical,

dielectric particle, the Rayleigh scattering cross-section is shown as;

σ =
8

3
π(

2πnm

λ
)4r6p(

n2
c − 1

n2
c + 2

)2 (3.10)

where rp is the particle radius. So, the scattering force on a Rayleigh particle

can be written in terms of the light intensity Io4;

Fscat = (
128π5r6p

3λ4
)(
n2
c − 1

n2
c + 2

)
nm

c
I0 (3.11)

As can be seen from the Figure 4, in the case of a highly focused laser beam,

there is a component forming the gradient force, which is the one against the

Poynting vector, for preventing the particle from being pushed in the direction

of light propagation by the scattering force. Also, the net force performs as a

restoring force toward the laser focus point [65].
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Figure 3.4: The forces originating in the Rayleigh regime for such a tightly
focused laser beam [65]

3.2.2 Sti�ness and Force Calculations

A bead captured with optical tweezers behaves like an object attached to a

spring. In practice, the bead is continuously moving with Brownian motion,

which is the random motion of particles suspended in a �uid caused by their

collision with the quick atoms or molecules in the medium as mentioned in pre-

vious chapter in the �Kinetic Property: Brownian Motion� part. But whenever

it leaves the optical trap center the restoring force pulls it back to the center.

When an external force is applied to the trapped bead, the optical trap acts like

a spring by recoiling back and pulling the bead back to the focus. The force

which the trap pulls the bead back can be determined using Hooke's law:

F = −k.x (3.12)

where k is the sti�ness of the trap and x is the bead displacement resulting from

the applied force.
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3.3 Optical Trapping by Speckle Fields

Optical tweezers play a great role in a wide range extending from many physical

and biological studies to medical science and nanoscience in terms of their ma-

nipulation and control capability for assembly of micro and nano sized dielectric

particles, cells, sub-cellular structures and DNA-molecules [66]. Besides single-

beam optical tweezers, sometimes a multiple optical trapping system is required

when an array of particles has to be captured at the same time and manipulated

separately. For that purpose, multiple tweezers can be generated by increasing

the number of laser light sources [67], which is a very basic but overpriced way,

by splitting the single laser into a number of trapping positions [68], which can

be achieved with the use of beam splitters or gratings for a restricted number

of traps, by using scanning mirrors [69] and acousto-optic modulators [70] for

advanced experiments, and by creating multiple beams through dynamic di�rac-

tive optics [71], which is typically in the form of a computer controlled spatial

light modulator (SLM) used for creating holograms to modify the phase or beam

intensity.

As can be seen from the Figure 3.5, eight polystyrene micro particles (two inside

and six outside) are trapped simultaneously in de�ned phase pattern that is

addressed on the spatial light modulator and also dynamically manipulated in

the limit of response time of liquid crystals in SLM. In several experiments

done at Risø National Laboratory in Denmark Technical University, they have

demonstrated a technique for multiple trapping of micron-sized particles by using

the generalized phase contrast approach with a phase-only SLM. Thanks to that

approach done with the help of a simple PC-interface, managing of the number,

location, shape, size and speed of the traps is possible [72].

Another strategy to obtain a multiple optical trapping with a single laser beam is

to create speckle patterns and so speckle �elds. Such systems are called �speckle

optical tweezer� and the simplest way to generate these speckles, which are

random light �elds, is the coherent laser light scattering happening in optically

complex media like biological tissues, rough surfaces and disordered structures.

In that way naturally random di�raction patterns are produced to manipulate
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Figure 3.5: Simultaneous dynamic multiple trapping of eight 2 µm sized
polystyrene beads in phase contrast created optical traps. Laser power inci-
dent on the SLM is 60 mW and for each trap is 1.3 mW. They are rotating in
opposite directions with di�erent speeds. While the two micro particles inside
the circle are doing one full rotation counter clockwise, other six micro particles
outside the circle making 1/8 of a full rotation in opposite direction. Also, two
particles apart from these 8 particles you see are making Brownian motion freely
because they are not under the in�uence of radiation pressure. [72]

many particles simultaneously [73]. Also by using di�erent types of di�user and

holograms thanks to SLM it is possible to obtain desired speckle patterns as

shown in Figure 3.5 and 3.6. With that experiments it has shown that multiple

trapping, holding and sorting for light absorbing numerous particles are possible

by creating di�erent speckle patterns. By increasing the number of optical trap

locations and the particles trapped many di�erent optical trapping experiments

can be carried out in parallel, and also larger arrays of cells or colloids can be

studied.

Lastly, another way to generate speckles is to use multimode �ber, which is
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Figure 3.6: Multiple optical trapping example based on the speckle pattern for
carbon particles. (a) side view of the laser light scattering from a great number
of trapped carbon particles ((b)-(d)) axial views for di�erent illuminated beam
shapes on the di�user (b) a Gaussian beam (c) a doughnut-like beam (d) a
cross-like beam shape. For these experiments shown respectively from a to d
the total laser power used is 115 mW [74]

Figure 3.7: Direct imaging through multimode �bers is prevented by mixing up
the modes [75]

also a technique carried out in this thesis study. Compared with single-mode

�bers, multimode �bers o�er several paths (modes) inside to travel for light.

That's why this term �multimode� is coming from here. When coherent laser

light enters from one side of the multimode �ber, the output displays a pattern

of light and dark spots called as speckle pattern caused by constructive and

destructive interference of light. That's why the image sending through the �ber
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leaves as blurred as shown in Figure 3.7 because it takes several hundred ray

paths possible inside the core of the �ber during its travel [75]. Because of these

di�erent eigenmodes of the �ber, optical waves interfere with random phases

and thus there happens random speckle patterns, which can also be changed by

bending of the �ber, at the end of the �ber tens or hundreds of meters away

from the laser like in Figure 3.8 [73, 76].

Figure 3.8: Transmitting a laser through a multimode �ber [76]
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CHAPTER 4

COFFEE-RING EFFECT

4.1 Drops on Substrates

When a drop of water is positioned on a solid �at surface, the drop may spread

out entirely or partially or may rest on the substrate like a solid sphere depending

on the interactions between the liquid and the surface, and some properties of

them. Density, viscosity, elasticity and surface tension are some fundamental

characteristics de�ning the liquid type and also the �ow pattern.

Figure 4.1: Photographs of water droplet (a) suspending in air (b) lying on a
solid surface [77] (c) Solidworks drawing of falling and landed drops. Adopted
from [78]

In the same manner solids can also be classi�ed according to their some proper-
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ties like roughness or smoothness, hydrophobicity or hydrophilicity, chemically

homogeneity or heterogeneity, �atness or nonplanarity. Liquid drop dynamics

is an important subject in several industrial and environmental situations such

as rapid spray cooling of hot surfaces, coating, inkjet printing, quenching of

aluminum alloys and steels, rain drop etc. [79].

As can be seen from the Figure 4.1, even though the water droplet suspending

in air is in the form of a sphere, it would take a form of spherical cap when it

lands to the solid �at surface for minimizing the surface to volume ratio.

4.2 Principles of Evaporating Droplets

4.2.1 Surface Tension

One of the most important questions that can be asked under the scope of

this thesis study is why �uids known with their tendency to adopt a shape of

their container take a small spherical or hemispherical shapes on some solid

�at surfaces instead of spreading out thinly on that surface. This question is

explained by the phenomenon of surface tension based on strong intermolecular

forces that the liquid-forming molecules exert to each other and these forces are

shown by schematic representation in Figure 4.2. While the molecules standing

in the middle of the droplet are applied an attractive force in all directions by

other molecules in the surrounding, molecules at the surface of the droplet are

exerted force just by adjacent molecules in the interior of the drop. That's why

interior molecules do not move in a particular direction due to no net force

and outer molecules are pushed towards the surface of the droplet due to the

absence of external forces which may balance the e�ect of force caused by internal

molecules. As a result of these cohesive forces, water droplet starts to take a

hemispherical shape on the substrate by bending and a tension on the surface

is created, which is called as a surface tension [80]. Thanks to that tension,

there creates a thin surface �lm structure on the liquid which makes it di�cult

to be penetrated into and also thanks to the geometrical shape caused by this

tension, minimum possible surface area for a given volume of a droplet would

be acquired.
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Figure 4.2: Schematic representation of surface tension of a hemispherical water
droplet on a solid �at surface. Purple arrows shows the intermolecular forces
which molecules apply to each other

Some examples can be given to surface tension phenomenon. For instance, some

small insects generally denser than water can walk, �oat and stride on a water

surface due to their inadequate weight to pass through the surface of water.

Other example is a water beading on a waxy surface like a leaf. Because of a

strong adhesion to itself contrary to weak adhesion to wax, water congregated

as a drop. It takes that spherical shape due to the smallest possible surface area

for a given volume. Similarly, a paper clip and sewing needle can �oat on the

surface of water.

Figure 4.3: Some examples for surface tension phenomenon (a) water strider on
the water surface [81] (b) water beading on a leaf [82] (c) a paper clip in a glass
[83]
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4.2.2 Contact Angle Phenomena and Wetting

Any liquid surface constitute an interface between the liquid and another medium.

That's why, it should be considered like that surface tension is not only a char-

acteristic of a liquid but also a property of interface of the liquid with some

other medium. The contact angle plays a role of a boundary condition through

Young's Equation which is used for explanation of balance of forces acting on

interfacial tensions, which are solid-liquid, solid-air, and liquid-air, and it is pro-

posed by Thomas Young in 1805 [84]. Demonstration of this phenomenon is

shown in Figure 4.4.

Interpretation of this equation can be done shortly in that way. Molecules at

the interface have a high potential due to inadequacy of counterparts on the

other side of that interface, which gives rise to a force drawing molecules from

the interface towards the bulk. So there occurs a potential energy di�erence

transferring into a mechanical work in the liquid system. Contrarily, because

the atoms on the solid surface are motionless in terms of the movements from

solid to the bulk, situation is slightly di�erent from the state of liquid. There

is not a potential di�erence that can be transferred to mechanical work at the

solid-air interface. So, according to this interpretation Young's equation actually

does not have a physical foundation in terms of the balance of surface forces.

This equation is based on just the surface tensions by neglecting the gravity and

additional surface tension caused by the solid surface for providing force balance

in the left-side of the equation [85]. Because of that neglect, contact angle cal-

culated theoretically and measured experimentally does not always match with

each other.

Another issue that needs to be considered when droplets are mentioned is wet-

ting. When a liquid droplet hits a solid �at surface how does it spread out?

Sometimes it overspreads as soon as it strikes to the surface and sometimes beads

into several small droplets. It depends on completely the wetting properties of

the underlying surface, which can be categorized as hydrophilic, hydrophobic or

superhydrophobic. Contact angles are utilized mostly for estimation of surface

energy or surface wettability. Also they are the key for surface classi�cation as
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Figure 4.4: Demonstration of the balance of interfacial tensions of a drop lying
on a solid �at substrate. In this classical display, there are three mechanical
surface tensions in equilibrium in the parallel direction to solid �at surface [86]

hydrophilic or hydrophobic, polar or nonpolar, wetting or nonwetting. While

surfaces naturally repelling the water and so allowing droplets to form are called

as hydrophobic or water-fearing, surfaces causing droplet to spread and so the

contact area to be maximized are named as hydrophilic or water-loving [87].

When the water contact angle is less than 90o then this surface is hydrophilic;

this refers to a wetting liquid with low surface tension/low surface energy (see

Figure 4.5b). When it is greater than 90o, then the type of surface is hydropho-

bic and this refers to a non-wetting liquid relative to the surface whose surface

energy exceeds that of the solid surface (see Figure 4.5a).

If the angle is even bigger than 1500, then surface is called as superhydrophobic.
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Figure 4.5: Contact angle of a colloidal droplet on a substrate (a) φ>90o, non-
wetting, superhyrophobic surface (b) φ<90o, partial wetting, hydrophilic surface
(c) φ=0o, complete wetting, superhydrophilic surface

Lastly, when the contact angle equals to 00 and droplets are spread out nearly

�at, then the surface is known as superhydrophilic (see Figure 4.5c,4.6). This

characteristics of surface can be also improved by changing the shape of the

material. For instance, by producing nanopatterns on the surface, contact area

of it with the droplet can be enlarged and hydrophobicity of the surface can be

ampli�ed to superhydrophobicity, and likewise hydrophilicity property can be

ampli�ed to superhydrophilicity [88].

Figure 4.6: Image of water droplets on superhyrophilic and superhydrophobic
surfaces [89]
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4.3 Co�ee-Ring E�ect

And after mentioning the fundamentals of liquid drops now the order of asking

that question: What takes place if the droplet containing dissolved particles is

evaporated quickly? It is possible to explain this question by talking about a sit-

uation that everybody faces in our daily life. When a spilled drop of co�ee dries

on a solid surface, the edge of that drop leaves a darker ring-like deposit than

the center of the droplet (see Figure 4.7). A drop initially spreading over a large

surface concentrate on a smaller area along the perimeter. In the same sense,

when a drop of any colloidal suspension pinned on a substrate evaporates, it

leaves a dense ring-like deposit at the edge of the droplet. So, that phenomenon

is known as �Co�ee-Ring E�ect�. In the light of these explanations, demonstra-

tion of evaporation process of colloidal droplet on a solid surface can be seen

from the Figure 4.8.

Figure 4.7: Photograph of spilled co�ee stains [1]

As can be seen from the Figure 4.8, throughout the drying process of any droplet

containing colloidal particles, with the evaporation edges of the droplet become

pinned to a solid surface and with the e�ect of capillary �ow happening out-

ward from the center of droplet suspended particles move through the edges

and accumulate there. At the end of the evaporation what we have is ring-like

deposition constituted with suspended particles highly concentrated along the

original drop edge, known as co�ee-ring e�ect.
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Figure 4.8: Demonstration of evaporation process of colloidal droplet falling on
solid �at surface

There are several kinds of dry deposition patterns happening after the evap-

oration of colloidal droplets. Self-organization of particles suspended in the

liquid de�nes these evaporation-induced formation of patterns [90]. Flow dy-

namics occurring during the evaporation of the droplet and phase transition

cause complex pattern formation such as ring structures [91, 92, 93], fractals

[94, 95] etc.

4.4 Applications for Suppression of Co�ee-Ring E�ect

Controlling the co�ee-ring e�ect and obtaining uniform depositions are very

important issue in many applications where particle-containing droplets start

drying such as ink-jet printing and coating. To control and even overcome this

e�ect some methods produced and used by many researchers are mentioned in

the literature. Let's explain with a few examples.

One of the methods used to achieve homogeneous deposition demand came by

Liying Cui and her co-workers is addition of hydrosoluble polymer during droplet

evaporation. Because of the viscosity and Marangoni e�ect, which is a �ow re-

sulting from an imbalance of forces with the e�ect of varying surface tension

along an interface, caused by the polymer additives, contact line (CL) of the

colloidal droplet moves. Due to the viscosity a great resistance to outward �ow

is obtained, which causes a deposition containing a small amount of particles

at the edge of droplet. Also because of the Marangoni e�ect, during the evap-

oration of the droplet containing polymer additives the motion of contact line
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Figure 4.9: Dry deposits in di�erent patterns as a result of evaporation of col-
loidal droplets (a) ring-like pattern including polystyrene particles (PS) on tita-
nium substrate [96] (b) multiple rings containing PS particles on glass [97] (c)
�ngering at wetting line with the evaporation of a mixture drop of isopropanol
and PS particles on glass [97] (d) uniform deposition pattern with hydroxyap-
atite particles on titanium substrate [98] (e) hexagonal cells with the evaporation
of PS particles on hydrophobic OTS substrate [99]

occurs. Therefore, uniform deposition of SiO2 microspheres is obtained as can

be seen in the Figure 4.10. So, the result extracted from here is that with the
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addition of di�erent hydrosoluble polymers the co�ee-ring e�ect can be con-

trolled and even eliminated. This method serves for extensive applications of

droplet depositions in biochemical assays, material deposition, photonic devices,

sensor array and high-resolution inkjet printing without modi�cation of particle

or solvent chemistry [13].

Figure 4.10: Suppression of co�ee-ring e�ect by hydrosoluble polymer additive
(PEO1-polyethyleneoxide) for a drop containing SiO2 microspheres (a,c) with-
out PEO1 (b,d) with PEO1 (a,b) images at the droplet edge (c,d) images at
droplet center. Adopted from [13]

Yunker and his colleagues have proposed another method based on shape depen-

dent capillary interactions for suppression of co�ee-ring e�ect. When anisotropic

shape of particles are used, in this study it is ellipsoid, it has been observed that

deformations such as arrested structures occur noticeably in the air-water inter-

face because of strong long-ranged interparticle attractions between ellipsoidal

particles. As a result of these structural deformations of the droplet, suspended

particles are prevented from moving towards the edge of the droplet. This al-

lows the co�ee-ring e�ect to be controlled and uniform deposition is formed.

Similarly, when the suspension of spherical particles mixes with a small amount

of ellipsoidal particles, it is seen that again uniform deposition is obtained. So,

the result that can be said by looking at this work is that deposition of parti-

cles and therefore the co�ee-ring e�ect can be controlled by also shape of the

suspended particles without modi�cation of particle or solvent chemistry [19].

Experimental evidence of this study can be seen in Figure 4.11.
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Figure 4.11: Suppression of co�ee-ring e�ect by shape-dependent capillary inter-
actions (a) suspension of spherical particles (b) suspension of ellipsoidal particles.
Adopted from [19]

In seeking a simple and more general solution to obtaining homogeneous disc-

like or concentrated spot-like residues, another potentially useful method in an

extensive range of industrial and analytical applications where homogeneous

solute depositions are desired to be used is acoustic suppression of co�ee-ring

e�ect without any necessity of physiochemical modi�cation of the �uids, the

particles or the surface [20].

With an interaction between surface acoustic waves and the droplet containing

polystyrene particles, at the nodal points of stationary waves producing patterns

the particles are trapped. Particles do not move towards the contact line with

the capillary �ow formed by evaporation in consequence of a trapping of them

within the patterns. Because of the free of particle depositions in the contact
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Figure 4.12: Suppression of co�ee-ring e�ect by acoustic waves. Fluorescent
images of residues for 2µl water droplet containing 2µm polystyrene (PS) par-
ticles (a,c) without surface acoustic waves (b,d) with the application of surface
acoustic waves (a,b) lower volume fraction (0.1%) (b) 9.7MHz frequency (c,d)
higher volume fraction (2.5%) (d) 20MHz frequency. Adopted from [20]

line, that line recedes freely and there happens a concentrated spot-like residue

with the convergence of trapped particles. So, the co�ee-ring e�ect is suppressed

with the help of surface acoustic waves. Also, the size of the residue can be

adjusted depending on the particle concentration in the droplet. It increases in

direct proportion to the concentration. Experimental evidence of this study can

be seen in Figure 4.12.
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After examining the methods given above by a few important examples, we

wanted to test and develop a new method that makes up the subject of this thesis

in order to control and even overcome the co�ee-ring e�ect. We aimed to observe

the same e�ect under optical potential. Have we succeeded in suppressing the

co�ee-ring e�ect under the random optical potentials or not? The experimental

steps, experimental setup, results obtained and interpretations are included in

the next chapter. Let's see the answer then.
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CHAPTER 5

EXPERIMENTAL RESULTS

5.1 Introduction

After a while over the drying of the co�ee drops on a solid surface such as a

table, wall or dish in daily life, we would see some ring-like co�ee residues known

as �co�ee-ring� e�ect �rst proposed by Deegan in 1997 [100]. This phenomenon

occurs with the combination of two di�erent e�ect:

• The state of �xation, which means �pinning/depinning�, of drop's contact line

on the solid substrate.

• The convective evaporative �ux that pushes the suspended particles in the

liquid droplet towards the edge boundaries (contact line) by radial �ow.

Figure 5.1: Full view of the droplet after evaporation
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In many applications, this ring-like heterogeneous residue is something to be

avoided due to the need to obtain uniform material deposition across the whole

surface. That's why, the co�ee-ring e�ect is a long-standing and signi�cant issue

for many applications such as inkjet printing. In order to suppress the co�ee-

ring e�ect and to obtain disk-like homogeneous patterns, numerous studies on

evaporation induced patterning of a drop consisting of nonvolatile solute (such

as nanospheres, nanoparticles, polymers, DNA, etc.) and volatile solvent have

been performed. Until now, all studies done to eliminate this e�ect have taken

place around two cases, which are mentioned above. One is to prevent the

pinning of drop's contact line, and the other one is to prevent the deposition of

suspended particles near the contact line.

Here, in this work, we investigate the evaporation of liquid droplets contain-

ing passive (3 µm polystyrene particles) and active particles (3 µm polystyrene

particles along with motile E. Coli cells) in the presence of a random optical

potential generated by a speckle light �eld.

5.2 Materials and Methods

5.2.1 Experimental Setup

Observation of the evaporation process of the droplets were made by means of

the system designed as shown in Figure 5.1. A home-made inverted microscope

was constructed for that purpose. The setup includes a number of optical com-

ponents on a stabilized optical table so as to avoid the disturbances coming from

the environment and to obtain a stable alignment of optical elements because

even small vibrations or strain in the table on which the elements are set up

might give rise to complete failure of an experiment.

The system contains three di�erent cameras controlled by a computer and their

purpose is to observe the full view of the droplet (C1 in the Figure 5.2), the

side view of the droplet (C2) and the magni�ed view of a fraction of the droplet

(C3) respectively by digital video microscopy simultaneously with the help of an

incoherent white light (WI) directed on the droplet by beam splitter (BS1) and

mirror (M). 4X microscope objective (O1) with the numerical aperture of 0.13
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was used for recording the full view. Illuminated light was re�ected onto the

CMOS camera C1 by use of beam splitter (BS2) positioned between the lamp

and the sample holder (S). Side view was recorded by using 10X microscope

objective, numerical aperture (NA) of 0.30 and a convex lens with a focal length

of 35.0 mm with a monochrome CCD camera (C2) which were located on XY

translation stage so that the accurate position of the droplet could be detected

easily. And lastly, for the magni�ed view of a fraction of the droplet, another

microscope objective (20X, NA=0.5) was used with a CCD camera (C3). We

need a camera which has high magni�cation property to be able to study the

behavior of suspended particles in the droplet, and when compared to �rst two

cameras, this one makes available a higher magni�cation. In order to obtain syn-

chronized results throughout the experiments, frame rate of all of these cameras

was set to 7 fps.

Figure 5.2: Schematic representation of the experimental setup: Home-made
inverted microscope capable of recording full view of the droplet, side view of
the droplet and magni�ed view of a fraction of the droplet.

In the speckle optical tweezer setup which is schematically depicted in Figure

5.2, laser beam, which is infrared (IR) in 980 nm wavelength, was coupled into a

multimode optical �ber to generate the speckle light pattern for the manipulation

of colloidal spheres. Speckles are caused by light propagation in a multimode

optical �ber waveguide and the reason obtaining a random appearance of speckle
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patterns is that because of di�erent eigenvalues of the �ber, large number of

optical waves interfere with each other in random phases [73, 101]. There are

many ways to generate a speckle pattern like multiple scattering in an optically

complex medium, scattering of a laser on a rough surface, mode mixing in a

multimode �ber [73]. Here, in our work, we used the last one. Output power of

the diode laser was measured 602 mW at most. Measurements were done with

& without collimator and it was seen that there is almost no lost. Laser and the

incoherent white light coupled into the same �ber and they were directed onto

the sample with the help of other optical components such as beam splitters

(BS1&BS2), mirror (M) and lens (L1).

5.2.2 Cleaning Procedure for the Glass Slides

Microscope glass slides (Sail Brand, China) used for that work all through the

experiments have 25.4 mm x 76.2 mm (1 in x 3 in) size and 1.0 mm thickness.

In order to perform experiments under the same conditions and to obtain the

identical surface quality for each microscopic slide, the same cleaning procedure

was followed. There are some contamination and impurities on the surface of

these slides and before doing the experiments we have to get rid of them. For

this purpose, the glass slides were cleaned with �rst acetone and right after

with isopropanol by using a folded lens cleaning tissue by wiping it across from

one edge of the slide to the other as can be seen in the Figure 5.3. And then,

they were put in the prepared 0.25 M of sodium hydroxide (NaOH) solution.

Slides were held for about 1 hour inside that solution. The purpose to make

this process is to reduce the adhesion of the particles onto the microscopic glass

slides and to make their surfaces hydrophilic.

5.2.3 Sample Preparation

Experiments were conducted by using the polystyrene (PS) particles, which its

diameter is 3.00 µm. Samples were prepared as two di�erent colloidal suspen-

sions. One contains passive (3-µm monodisperse spherical polystyrene) particles

and the other one includes active particles (3-µm polystyrene particles along

with motile E. Coli cells) with the volume fraction φ=0.001. For the sample
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(a) Microscope Glass Slides

(b) Cleaning the slide with lens clean-

ing tissue

Figure 5.3: Cleaning Procedure

containing passive particles, sample content is 29 µl of monodisperse spherical

polystyrene particles (Micro particles GmbH, Berlin, diameter d= 3.00±0.07
µm) and 971 µl deionized water. On the other hand, the other sample is pre-

pared with 29 µl of monodisperse spherical polystyrene particles and 971 µl of

motility bu�er consisting of E. Coli separately.

5.2.3.1 Preparation of the Motility Bu�er and Bacteria Culture

The way of preparing the bacteria we have applied in our laboratory, which is

a kind of RP437 (E. Coli Genetic Stock Center, Yale University) cell culturing

protocol, is like the following respectively. The bacteria is inoculated in 50 ml

of Tryptone Broth (TB) inside a 250 ml �ash overnight, which is typically 17

hours at 32oC and 180 rpm in a shaker incubator. After the saturation has

been completed, that prepared culture is diluted 1:100 into a 50 ml of fresh

medium of Tryptone Broth (TB), which is a growth medium for bacteria, inside

another 250 ml �ask. Then, under the identical conditions, this diluted culture

is incubated for an extra 4 hours and 10 minutes with the overnight culture

incubation until its optical density at 600 nm, which means OD600, reaches to

0.4. Into two falcon tubes, 7 ml of the diluted culture is placed and centrifuged

at 2000 rpm (for up to 10 minutes at room temperature). After centrifugation

process is complete, RP437 cell pellets precipitated at the bottom of the falcon

tube is mildly collected by means of pipette. It can be thought of as harvest

time. Then, the resultant pellets is suspended again in 5 ml of motility bu�er.
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The ingredients of this motility bu�er is as follows:

- 10 mM of Potassium Phosphate (Monobasic)

- 0.1 mM of Na - EDTA (Ethylenediamineteraacetic acid) (pH 7.0)

- 10 mM of Dextrose (D-Glucose (C6H12O6))

- 0.002 % Tween 20�2 µL for 100 mL of deionized water

The washing procedure, which is centrifugation, harvesting and suspending of

the bacteria in the motility bu�er, is repeated three times so that it is possible

to get rid of the growth medium to the extent possible.

5.2.4 Experimental Procedure

Several trial experiments were conducted to determine the experimental pa-

rameters before starting to obtain �nal results. These parameters are particle

concentration rate, cleaning procedure for microscopic slides (with NaOH or

without NaOH, and for slides, soak time in NaOH solution), particle size, drop

size, evaporation rate (fast and slow evaporation, which is possible to cover slide

with another slide channeled with para�lm).

Figure 5.4: Experiment parameters tried before starting to take main results
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5.3 Results without Optical Potential

5.3.1 Droplets Containing Only Passive Colloidal Particles

3 µl of deionized water droplet consisting of 3 µm polystyrene particles was

dropped on the microscope slide, which was previously held for about 1 hour

inside 0.25 M of sodium hydroxide (NaOH) solution prepared by me for making

the surface of slide hydrophilic. When a drop of polystyrene particle (3 µm) sus-

pension evaporates on a solid surface, we observed that the suspended particles

tend to kinetically accumulate at the air-liquid interface and it commonly leaves

a ring-like deposit along the edges, known as co�ee-ring phenomenon. Figure

5.5 shows the accumulation of particles at the contact line as a function of time

forming a co�ee-ring.

Figure 5.5: Edge images of deionized water droplet consisting of 3 µm
polystyrene particles. From (a) to (f) the change in particle movements over
a period of 4000 seconds is shown.

5.3.2 Droplet Containing Passive Colloidal Particles along with Ac-

tive Particles

When a drop containing polystyrene particles (3 µm) together with bacteria

(motile E. Coli cells) evaporates on a solid surface, again a similar co�ee-ring
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e�ect was observed. However, when compared to previous �gure, which is Figure

5.5, the accumulation of particles is limited because of the activity of the E. Coli

cells. Due to this reason, not all the particles accumulate at the contact line.

Importantly, the information obtained from this experiment is that the dynamics

of active particles are di�erent from those of passive particles.

Figure 5.6: Edge images of deionized water droplet consisting of 3 µm
polystyrene particles and bacteria (motile E. Coli cells). From (a) to (e) the
change in particle movements over a period of 3000 seconds is shown.

5.4 Results with Optical Potential

5.4.1 Droplets Containing Only Passive Colloidal Particles

In the second part of our work, unlike the �rst part, the laser was integrated into

the experimental setup and experiments continued in this way to observe the

e�ect of laser on suspended particles' motion. Then, it is observed that under

the in�uence of a random optical potential (Power=50mW), the optical forces

trap the passive particles meta-stably and therefore, the suspended particles are

prevented to reach the drop edge (see Figure 5.6) forming uniform deposition

(see Figure 5.8).
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Figure 5.7: Edge images of deionized water droplet consisting of 3 µm
polystyrene particles. From (a) to (d) the change in particle movements over a
period of 2000 seconds is shown.

5.4.2 Droplet Containing Passive Colloidal Particles along with Ac-

tive Particles

In this section, we observed changes under random optical potential in the

droplets obtained by adding active particles that we produced in our labora-

tory, which is RP437 bacterial cells (motile bacteria E. Coli cells), in addition

to passive colloidal polystyrene particles. Consequently, observations are as fol-

lows:

1) The random optical potential meta-stably trap the particles and

2) the presence of bacterial activity additionally prevents the particles from

reaching the contact line.

Results obtained in this part can be seen in Figure 5.8.

5.5 Comparison of the Results and Discussion

Image of a drop containing polystyrene particles is shown in Figure 5.9. It is

easily seen that under the in�uence of a random optical potential the co�ee-ring
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Figure 5.8: Edge images of deionized water droplet consisting of 3 µm
polystyrene particles and bacteria (motile E. Coli cells). From (a) to (f) the
change in particle movements over a period of 3606 seconds is shown.

e�ect disappears and uniform deposition occurs.

Figure 5.9: Full images of deionized water droplet containing 3 µm polystyrene
particles. (a) and (b) shows the change in particle movements during the all
evaporation process.

Image of a drop containing polystyrene particles and bacteria is shown in Figure

5.10. It is easily seen that under the in�uence of a random optical potential

again the co�ee-ring e�ect disappears and uniform deposition occurs.
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Figure 5.10: Full images of deionized water droplet containing 3 µm polystyrene
particles and bacteria (motile E. Coli cells). (a) and (b) shows the change in
particle movements during the all evaporation process.

Figure 5.11: When no optical potential is applied (a) the passive particles tend
to migrate towards the rim of the drop exhibiting the co�ee-ring e�ect. The
co�ee-ring e�ect is suppressed when a random optical potential is applied over
the drop (b).
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Figure 5.12: When no optical potential is applied (a) the similar particles in
active bath tend to accumulate at the air-liquid interface. The co�ee-ring e�ect
is completely suppressed when a random optical potential is applied over the
drop area (b).

When we compare all these images of drying droplets containing active (E.Coli

cells) and passive (polystyrene-PS) particles with the successful results obtained

with other di�erent techniques that have gone through the literature, we see

that this method, which has been considered and applied for the �rst time, has

become an alternative method that can be used to solve the co�ee-ring e�ect

problem. Comparative knowledge can be obtained from Figure 5.13. Another

result that we can make an inference by looking at these images is that even

though all these methods have been successful in suppressing the co�ee-ring

e�ect and achieving a homogeneous disk-like distribution instead of a nonuniform

ring-like deposit, a small amount of droplet contact line is still detected after

the evaporation process as in the method applied in this thesis. It can be seen

easily with red ellipsoids in the images below. So, it is not right to say that

this is a failed method since the co�ee-ring e�ect is largely suppressed and a

homogeneous disk-like residue is obtained.
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Figure 5.13: Comparison of results obtained with di�erent techniques for the
suppression of co�ee-ring e�ect [102, 13, 19, 20]

To be able to suppress or overcome the co�ee-ring e�ect, it is required to control

the strength of Marangoni or Capillary �ow, and it is possible with the change

of some factors including substrate temperature, suspended particle size and
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Figure 5.14: E�ect of three di�erent kind of solvents on co�ee-ring e�ect [103]

solvent type. The solvent environment of all of the droplets in the experiments

in this thesis is water. However, the e�ect of di�erent solvent environments on

the co�ee-ring e�ect has also been observed and is included in the literature. The

e�ect of three di�erent kind of solvents, which are pure water, polyethylene oxide

(PEO) and xantham gum (XG), on co�ee-ring e�ect is shown in Figure 5.14. It

is observed here that a droplet containing any suspended particle may exhibit

di�erent behaviors in di�erent kind of solvent environments because every �uid

has a di�erent viscosity and viscosity properties of �uids a�ect the Capillary �ow

and thus the motion of suspended particles. For example, while larger particles

suspended in the XG solution form a ring-like co�ee stain pattern, the ones

suspended in the water and PEO solution formed a more homogeneous disk-like

pattern. In this thesis, experiments were only conducted in water environment

and was successful. At the next stage of the study, experiments can be performed
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in di�erent solvent environments and di�erent size of suspended particles, and

it can be observed whether the optical potential application for the suppression

of co�ee-ring e�ect will be successful in changing conditions or not.

In addition to experimental studies mentioned so far, some theoretical studies

on this subject have been also made and mathematical models have been de-

veloped. One of them is a Monte Carlo model, which uses the di�usion-limited

aggregation (DLA) approach coupled with the concept of the biased random

walk (BRW) for simulation the particle migration and agglomeration through-

out the evaporation process of droplet, is developed to examine the transition

from the co�ee-ring deposition to the homogeneous disk-like deposit in drying

colloidal droplets. Thanks to that mathematical model, the importance of the

simultaneous presence of the particle adsorption, long-range attraction and cir-

culatory motion processes is shown.

Figure 5.15: Schematics of the simulation process. [104]
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Another alternative mechanism for co�ee-ring deposition is a theoretical model,

which has the Eulerian and Lagrangian forms. With the Eulerian description

of model, it has shown that the alteration of the form of evaporative �ux to

have a uniform deposition patterns enables to control the shape of co�ee-ring

deposition pattern. Evaporation of sessile droplets on both hydrophilic and hy-

drophobic surfaces, which results in either di�usive or uniform over the surface,

has examined and co�ee-ring deposition patterns has investigated by using this

theoretical model. [105]

Figure 5.16: A colloidal droplet evaporating on a �at substrate. (a) droplet
consisting of nonvolatile particles (b) α, θ and velocity components are shown
in a toroidal coordinate system and they �ts the contact line of the ddroplet on
the meridian plane A-A. [105]

Based upon these theoretical models explained above, for the method described

throughout this thesis, which is the "suppression of co�ee-ring e�ect in random

optical potentials", it may be possible to create some mathematical models in

future studies.
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CHAPTER 6

CONCLUSION

It is possible to observe the random movement of particles in �uids such as air,

oil or water, which happens as a result of their collisions with other molecules or

atoms, in numerous natural phenomena ranging from the mobility of organelles

within a biological cell and the di�usion of calcium through bones to movement

of �holes� electrical charge in semiconductors and to even the di�usion of stars

within a galaxy. This random motion called as Brownian Motion has a great

importance in terms of the wide use of many di�erent areas such as physics,

chemistry, biology, engineering, economics and mathematics. All molecules and

all colloids in the suspension do this never ending motion at the micro-scale

When we want to study these systems, this motion makes it very hard to do so.

That's why, we have the need to con�ne their motion.

Co�ee ring phenomenon �rst proposed by Deegan in 1997 [100] was found that

because of the accumulation of suspended solutes (for example, colloidal parti-

cles) at the contact line of air-liquid interface as a result of a larger evaporative

�ux towards the edge, there occurs a ring-like residue. For several applications,

we need to control the mechanism of this phenomenon to prevent this occur-

rence and to obtain a disc-like homogeneous structure instead of a ring-like non-

uniform structure. Many methods based on the restraint of various factors (such

as evaporative �ux, capillary and Marangoni �ow, and interactions between sub-

strate and non-volatile solute) have been described throughout the thesis for

wholly controlling evaporative self-assembly to create regular structures. The

method implemented in this thesis by controlling Brownian particles making a
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random movements is to create a random optical potential �eld associated with

the speckle pattern, which means a generation of a complex interference pattern

with the e�ect of the scattering of coherent light by a random medium. This

provided us very useful and ideal solution to study such phenomena.

Optical forces, optical potentials and in particular the speckle patterns men-

tioned in this thesis are very promising to control self-assembly of colloidal par-

ticles and multi-particle organizations. Particles in 2D and 3D can be patterned

by creating optical �elds and therefore several structures from micro objects can

be formed. So, the realization of cubic structures and other crystalline lattices

is within the bounds of possibility by creating templates for the nucleation of

larger crystals. Moreover, this templating is ranging from colloids to biological

cells. So, this makes it possible to perform several studies extending from tissue

generation to cell di�erentiation in cell biology [106].

Drying droplets containing volatile solvent and non-volatile solutes, and so pat-

terned deposition of particles have become a very important study especially

in recent years in terms of several applications and usage areas. As shown in

this thesis, any droplet consisting of colloid, or colloid and active particle, which

is E. Coli cell here, is prone to randomly irregular organized, non-uniform and

non-equilibrium structure formation. However; homogeneous surface patterns

with a highly ordered spatial arrangement is very important for applications

in biotechnology, microelectronics, data storage devices, lithography, high reso-

lution ink-jet printing, medical diagnosis and drug discovery, chromatography,

thin �lms and functional coatings, optoelectronics, DNA and RNA micro-arrays,

electronic circuits. Also, thanks to these studies about controlling the ring depo-

sition process, perhaps in the future it would be possible to create small particle

tools as new micro-physics tools operating at a scale where current tools cannot

manipulate particles.

In order to solve this fascinating problem it is possible to change several physical

parameters such as evaporation and surface tension, or many other methods

mentioned in Chapter 1 and 4 can be implemented to suppress and even control

the co�ee-ring e�ect. Our hypothesis was it can be achieved by also applying
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optical potential by creating speckle patterns and as shown in Chapter 5, this

thought has been veri�ed.
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