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Abstract

Understanding evaporation of a droplet containing colloidal particles is useful in many

technical applications such as inkjet printing, manufacturing of bioassays, medical diag-

nostic techniques, patterning surfaces by colloidal particles in photonics, fabrication of

electronics circuit, conductive coatings, porous films, etc. In context of impact of pure

liquid droplets on a microtextured surface, potential applications are in designing self-

cleaning, and low drag surfaces, etc. The present thesis investigates the coupled transport

phenomena of these two problems.

First, the profile and morphology of the ring-like deposits obtained after evaporation

of a sessile water droplet containing polystyrene colloidal particles on a hydrophilic glass

substrate is investigated experimentally. In particular, the coupled effect of particle size

and concentration are studied. The deposits were qualitatively visualized under an optical

microscope and profile of the ring was measured by an optical profilometer. The profile of

the ring resembles a partial torus-like shape for all cases of particles size and concentra-

tion. A regime map is plotted to classify discontinuous monolayer, continuous monolayer

and multiple layers formed in the ring on particles concentration-particle size plane. Both

the width and height of the ring are measured and show that they scale with particle con-

centration by a power law for the rings of multiple layers of the particles. The effect of

the interaction of growing deposit with shrinking free surface on ring dimensions and pro-

file is briefly discussed. Evaporation of a water droplet containing graphene nanoplatelets

on the non-heated glass substrate is also investigated to study the effect of the graphene

nanoplatelets concentration.

Further, the pattern and profile of dried colloidal deposit formed on a non-uniformly

heated glass substrate is investigated experimentally. In particular, the effects of particles

size and temperature gradient across the substrate are investigated. The temperature gra-

dient was imposed using Peltier coolers, and side visualization, infrared thermography,

optical microscopy, and optical profilometry were employed to collect the data. On a uni-

formly heated substrate, ring with an inner deposit is obtained, attributed to axisymmetric

Marangoni recirculation and consistent with previous reports. However, the dimensions of

the ring formed on a non-uniformly heated substrate are significantly different on the hot

and cold side of the substrate. In case of smaller particle size, the contact line of hot side de-
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pins and together with twin asymmetric Marangoni recirculations, it results in a larger ring

width on the cold side. In contrast, the contact line remains pinned in case of larger par-

ticles, and the twin asymmetric Marangoni recirculations advect more particles on the hot

side, resulting in a larger ring width at the hot side. A larger gradient significantly increases

or decreases the ring width depending on the particle size, due to a stronger recirculation.

Second, the impact dynamics of a microliter water droplet on a microgrooved surface

is investigated. The surface is fabricated using photolithography, and highspeed visualiza-

tion is employed to record the time-varying droplet shapes in the transverse and longitu-

dinal directions. The effect of the pitch of the grooved surface and Weber number on the

droplet dynamics and impact outcome are studied. At low pitch and Weber number, the

maximum droplet spreading is found to be greater in the longitudinal direction than the

transverse direction to the grooves. The preferential spreading inversely scales with the

pitch at a given Weber number. In this case, the outcome is no bouncing; however, this

changes at larger pitch or Weber number. Under these conditions, the following outcomes

are obtained as a function of the pitch and Weber number: droplet completely bounces off

the surface, bouncing occurs with droplet breakup, or no bouncing because of a Cassie to

Wenzel wetting transition. In later two cases, the liquid partially or completely penetrates

the grooves beneath the droplet as a result of the wetting transition. The droplet breakup

results alongside bouncing, while the Cassie to Wenzel wetting transition suppresses the

bouncing. These outcomes are demarcated on the Weber number-dimensionless pitch

plane, and the proposed regime map suggests the existence of a critical Weber number or

pitch for the transition from one regime to the other. Complete bouncing and Bouncing

with droplet breakup are quantified by plotting the coefficient of restitution of the bounc-

ing droplet and the volume of the daughter droplet left on the surface, respectively. The

critical Weber number needed for the transition from complete bouncing to bouncing with

droplet breakup is estimated using an existing mathematical model and is compared with

the measurements. The comparison is good and provides insights into the mechanism

of liquid penetration into the grooves. The present results on microgrooved surfaces are

compared with published results on micropillared surfaces in order to assess the water-

repelling properties of the two surfaces.
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Chapter 1

Introduction

1.1 Applications

The interfacial phenomena play a pivotal role in many technical applications. Applications

include liquid manipulation for microfluidics and lab-on-chips, inkjet printing [25], man-

ufacturing of plastic and flexible electronics [26, 27] electronic circuits [28], organic thin-

film transistors [29], depositing proteins and DNA [30, 31], surface coatings [32], rapid spray

cooling of hot surfaces such as turbine blades, spray deposition [33], plasma spraying, and

crop spraying [34]. Many authors have shown interest in the study of the superhydrophobic

surfaces because of their potential applications in low drag, self-cleaning, and electrowet-

ting properties. In nature, several animals and plants utilize isotropic and anisotropic tex-

tured surfaces for drag reduction and self-cleaning. Examples include lotus leaf, rice leaf

[35], anisotropic textures on shark skin or butterfly wing for low-drag locomotion, etc. A lo-

tus leaf exhibits microscale isotropic structures on its surface for lower wettability [36]. Out-

side the natural world, anisotropic wettability can be utilized to provide directional fluid

transport in microfluidics. The textured surfaces can be used in engineering self-cleaning,

low drag, and de-icing surfaces. The interfacial phenomena revolve mainly around two ar-

eas of study that is evaporation of a sessile droplet on a solid surface, and a droplet impact

on a solid surface. Some of the applications of these two areas of study are shown in Fig-

ure 1.1. In the following section, the physics of interfaces, sessile droplet evaporation, and

droplet impact dynamics on a solid surface are explained in detail.

1.2 Basic concepts

1.2.1 Interfaces

The interface is a geometrical surface between two fluid domains without any thickness

and roughness. At the interface, due to the dissymmetry in the molecular interactions be-
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Figure 1.1: Present thesis considers two much-studied major areas of research in the in-
terfacial phenomena shown on left and right. (left) Textured surfaces in nature and their
manifestations in plants and animals. The image on the left show plant/animal and cor-
responding SEM is shown on the right. Lotus leaf keep itself clean i.e. self-cleaning due
to microtextures on its surface. A mosquito maintains its vision by de-wetting properties
on the surface of its eye. Nano-pillars shown in the right frame confirm this finding (right
frame). The skin of a butterfly wing exhibit anisotropy in the microtextures, which helps
them faster locomotion. The SEM shown are taken from Refs. [1, 2]. (right) Technical ap-
plications of droplet evaporation on a solid surface. Biologists routinely print bioassays
and would like to avoid coffee-ring pattern. Self-assembled colloidal particles are useful in
photonics. Evaporating droplets are used as vehicles to use as biosensors as well as manu-
facturing thin copper microwires.
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tween the two fluids, there are unbalanced forces on the molecules at the interface. The

surface molecules are pulled inward by their neighboring molecules, which gives rise to

surface tension at the interface. The surface tension is defined as the total surface energy

per unit surface area, and its unit is J/m2 or N/m. Surface tension can be measured by cali-

bration with another known force, for example, using pressure force in the bubble pressure

method, using capillary force in the Wilhelmy plate method, or using gravity in the pendant

drop method [19]. Surface tension influences the shape of the interface, where the liquid

tries to minimize the surface area to maintain the lowest surface energy. For example, a

liquid droplet or bubble maintains a spherical shape, since a geometrical sphere has the

smallest surface area for a given volume.

The fundamental law, which governs the interfaces is Laplace’s law. According to the

Laplace law, the pressure difference across a curved interface is given as [34],

∆P = γH (1.1)

where, ∆P , γ, and H are the pressure difference, surface tension, and the interface mean

curvature, respectively. The mean curvature is defined as follows,

H =
1

2
(κ1+κ2) =

1

2
(

1

R1
+

1

R2
) (1.2)

where,κ1, andκ2 are the two principal (maximum and minimum) curvatures and R1 and R2

are two principal radii of curvatures. For example, consider a sphere of radius R , both the

two principal curvatures are 1/R , and therefore, the mean curvature is also 1/R . Whereas,

for a cylinder of base radius R , the maximum curvature is R , and the minimum curvature

is zero, therefore, the mean curvature is 1/2R . Similarly, for a plane surface, the two curva-

tures are zero, and hence the mean curvature is zero.

A liquid spreads differently on different solid surfaces depending on the surface prop-

erties of the solid, and the liquid as well as the properties of the surrounding fluid medium.

When a liquid droplet rests on a solid surface in another fluid environment, then the con-

tact line of the droplet where the three-phase that is a solid surface, liquid droplet, and the

atmospheric fluid interacts is called the triple contact line. A static droplet on an ideal solid

surface is characterized by the contact angle that is defined as the angle, which the tangent

to the drop surface at the contact line subtends on the horizontal surface as shown in Fig-

ure 1.2. Surface tension represents a tangential force exerted on an interface. Due to the

presence of a fluid on the triple contact line (Figure 1.2), the resultant of the different forces

must be zero at equilibrium. Therefore, the Young’s law to calculate the contact angle (θE )

of a sessile drop is given by the relation [34],

c o sθE =
γSG −γS L

γLG
(1.3)
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Figure 1.2: A sessile droplet on a solid surface with associated surface forces.

The shape of the drop surface on the solid substrate depends on the surface energy of

the fluid-fluid interface and two fluid-solid interfaces. The spreading parameter, S , that is

used to define whether a drop has wetted a surface or not is represented by the following

expression [34],

S = γSG − (γS L +γLG ) (1.4)

where, γSG is the surface energy per unit surface area of the dry solid surface, γS L is the sur-

face energy per unit surface area of the wetted solid surface, and γLG is the surface energy

per unit surface area of the interface between the liquid and surrounding fluid medium. If

S > 0, then the drop is said to wet the surface totally, and if S < 0, then the drop is said to wet

the surface partially. In totally wetting case, the contact angle is zero, and in the partially

wetting case, the contact angle can take values from 0◦ to 180◦. If θE < 90◦, then the surface

is hydrophilic, and if θE > 90◦, then the surface is hydrophobic.

1.2.2 Droplet evaporation dynamics

The evaporation of a sessile droplet on a solid substrate is a coupled transport phenomenon

affected by many factors such as conduction in the substrate, convection inside the droplet,

liquid-vapor diffusion into the ambient, and receding of the contact line. The evapora-

tion is driven by the diffusion of liquid vapor into the ambient. If the surrounding gaseous

medium is saturated with the liquid-vapor, then evaporation of the droplet liquid does not

occur. For example, a water droplet does not evaporate at the dew point temperature for

water. Generally, the droplet is assumed to be a spherical cap that is the droplet wetted ra-

dius is less than the capillary length (κ−1) (explained in detail in section 1.2.4). For instance,

κ−1 for a water droplet is around 2.7 mm. The initial conditions considered in a study are

the droplet initial wetted diameter, initial height, initial contact angle, and the substrate

condition that is whether it is at the ambient or heated condition.

The contact angle of the droplet is determined by the Young’s relation, mentioned ear-

lier. The mass flux of the evaporation is largest near the contact line [37, 38], as shown in

Figure 1.6 (a), and the contact line is pinned due to the contact angle hysteresis, which

induces an outward radial flow inside the droplet. Due to the small length scales of the
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microliter droplets, Laplace forces govern the liquid-gas interface, and the receding of the

contact line may occur during evaporation, according to the Young-Dupre’s law [34]. The

evaporation of a sessile droplet on a substrate can be observed in different modes called

as constant contact radius (CCR), constant contact angle (CCA) mode, or mixed mode, as

shown in Figure 1.3 (a). In CCR mode, the contact line remains pinned, and the contact an-

gle decreases with time during evaporation. In CCA mode, the contact line depins and re-

cedes with time with a constant contact angle. Whereas, in the mixed mode, both the con-

tact radius and contact angle decreases with time. The variation of the droplet parameters

with time in CCR and CCA mode is shown schematically in Figure 1.3 (b). For a hydrophilic

case such as water on a glass, the contact line is pinned to the surface for a maximum time

of the evaporation, and the height and the contact angle of the droplet decrease due to the

evaporation. Towards the end of the drying process, depinning of the contact line occurs

and thereafter, CCA mode of evaporation occurs. Generally, on a hydrophobic surface, the

CCA mode of evaporation is observed.

1.2.3 Self assembly of colloidal particles

Self-assembly of colloidal particles in an evaporating sessile droplet on a solid surface is a

much-studied problem in interface science in the last two decades [39] and is also known

as the coffee-ring effect. Some of the examples of the self-assembly of colloidal deposits

through coffee-ring effect published in recent works are shown in Figure 1.4. A schematic

of a sessile droplet containing colloidal particles is shown in Figure 1.5(a). As pointed out

by Goldstein [40] recently, Brown [41] was the first researcher to visualize the advecting

particles towards the contact line in an evaporating droplet on a solid surface. In a seminal

paper, Deegan et al. [37] explained that the capillary flow inside the droplet (bulk flow)

caused by non-uniform evaporation of a sessile droplet is the reason of formation of a ring-

like colloidal deposit after the evaporation. The evaporation mass flux is the largest near

the contact line, and the bulk flow is radially outward that is towards the contact line [37],

as shown in a schematic in Figure 1.5(b). This flow advects most of the suspended colloidal

particles to the contact line, consequently forming a ring-like deposit at the contact line

(Figure 1.6 (a)).

It is this transport phenomenon and the nature of the pinning of the contact line, which

determines the shape of the final deposit. The accumulation of suspended particles near

the contact line creates an energy barrier for receding of the contact line, which leads to

pinning of the contact line and thus a ring of particles forms at the edge of the droplet

[42]. Also, a finite distance exists between the pinned contact line and the boundary of the

coffee-ring [43]. The coffee-ring effect is pivotal to designing several technical applications.

As discussed in previous reviews [44, 45], applications include inkjet printing, manufactur-
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Figure 1.3: (a) Schematic of droplet evaporation modes on a solid surface: Constant contact
radius (CCR), constant contact angle (CCA), and mixed mode. Image is taken from [3]. (b)
Variation of the droplet wetted radius and contact angle with time during evaporation of
sessile droplet on a solid surface. Image is taken from [3].
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Figure 1.4: Some of the examples of self assembly of colloidal particles through coffee-
ring effect (a) Patterns formed with particles of diameters (1 and 3 µm). Adapted from Ref.
[4](b) Patterned grid of conducting twin lines of silver nanoparticles. Adapted from Ref. [5]
(c) Dried deposits of a blood drop on substrates of different wettabilities. Adapted from
Ref. [6] (d) Self-sorting of smaller particles to the outer edge in the evaporation of a water
droplet containing bidispersed particles (0.1 and 3 µm). Adapted from Ref. [7]
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ing of bioassays, medical diagnostic techniques, patterning surfaces by colloidal particles

in photonics, fabrication of electronics circuit, conductive coatings, porous films, etc. The

final deposit pattern and shape may be crucial to design an application. For instance, a

uniform deposit is desired in inkjet printing, as compared to a ring-like deposit.

The non-uniform evaporation flux on the liquid-air interface creates a temperature gra-

dient over the interface since the liquid-gas interface cools non-uniformly due to the latent

heat of evaporation. The temperature gradient, in turn, creates a surface tension gradi-

ent on the interface leading to an axisymmetric Marangoni recirculation inside the droplet

(Figure 1.5(c)). This phenomenon is observed mostly in the evaporation of volatile liquids

(alcohol-based suspensions). The resultant deposit shows suppression of the coffee-ring

as observed after the evaporation of a microliter octane droplet containing PMMA particles

(1 g/100 mL) on a glass coated with perfluorolauric acid [46] and after the evaporation of

nanoliter isopropanol droplet containing polystyrene spheres on a PDMS substrate form-

ing a central bump pattern [32]. The suppression of the coffee-ring also occurs on sub-

strates having smaller contact angle hysteresis (C AH ), where depinning of the contact line

occurs [47]. Generally, on a hydrophobic surface, a ring-like inner deposit is observed due

to initial depinning and later pinning of the contact line [48]. The radius of such deposit is

smaller than the initial wetted radius [48].

The Marangoni recirculation inside the droplet can also be established in non-volatile

liquids, such as water, by heating the substrate. Due to the heated substrate, the temper-

ature of the interface near the contact line will be higher than the temperature of the in-

terface at droplet apex. Therefore, a temperature gradient is established on the interface,

which in turn invokes the Marangoni recirculation inside the droplet bringing the colloidal

particles towards the center of the wetted region [9, 20, 49], as shown schematically in Fig-

ure 1.6 (b). The evaporation time also decreases with an increase in the substrate temper-

ature due to the increase in the conduction heat transfer from the substrate. The conduc-

tion heat transfer to the droplet may cease due to bubble formation in between the liquid

droplet and the substrate due to a large increase in the temperature until Leidenfrost point,

where a thin vapor film is formed in between the droplet and substrate decreasing the con-

duction heat transfer and increasing the evaporation time [50].

1.2.4 Droplet impact dynamics

On a solid surface, an impacting droplet spreads under the influence of kinetic energy en-

abling a large deformation of the liquid-air interface. Consider a droplet of diameter, D0,

with initial impact velocity, U0, impacting on a flat solid surface with the help of gravity, g ,

as shown in Figure 1.7. During spreading of the droplet, the kinetic energy gets converted

to the potential energy due to the surface tension and viscous energy [33]. The advancing
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Figure 1.5: (a) Schematic of a sessile droplet loaded with colloidal particles on a solid sur-
face. (b) Radially outward bulk flow advects all the particles to form a ring-like deposit. (c)
Axisymmetric Marangoni flow recirculation in the presence of thermal gradient across the
liquid-gas interface. The recirculation brings the particles from the contact line region to
near the axis of symmetry. Adapted from Bhardwaj et al. [8]. Copyright, 2010, American
Chemical Society.
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Figure 1.6: (a)Schematic representation of the evaporation-induced outward radial fluid
flow and ring-like deposit on a hydrophilic substrate with a pinned contact line of the ses-
sile droplet. The profile of the ring is measured at four locations (shown as a red dashed
square) in order to get an averaged profile. (b) Marangoni recirculation inside the droplet
bringing the particles towards the center of the wetted region [8, 9]. Image is adapted from
Ref. [3, 8].
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Figure 1.7: Schematic of the droplet impact dynamics to be studied. Image is taken from
Ref. [3].

of the contact line during spreading, with velocity, UC L is aided by the momentum or iner-

tia force. The increase of the surface energy in comparison to the inertial energy impedes

the droplet from spreading. The impending action results in the inward movement of the

liquid in the axial direction, increasing the droplet height. The droplet bouncing occurs (as

shown schematically in Figure 1.7) if the total energy of the droplet at the instance of the

maximum receding exceeds the combined initial surface energy and gravitational energy

[51, 52]. For instance, the impact of a water droplet on a superhydrophobic flat surface at an

impact velocity of 0.83 m/s bounces off the surface [10], as shown in Figure 1.8. The liquid

viscosity and the internal vibrations inside droplet during lifts-off are the primary sources

of dissipation for a bouncing droplet [53]. The droplet oscillates with spreading and re-

ceding of the contact line around the axis of symmetry until reaching the steady state. For

instance, Fukai et al. [33] observed three cycles of oscillation of water droplet impacting a

flat surface at Weber number (W e ) around 2 and Reynolds number (R e ) of 100. The droplet

spreading and receding in the first cycle is larger than the subsequent cycles of oscillation

[54].

The contact line motion is governed by the dynamic contact angle and also affects the

spreading process [11, 55]. The dynamic contact angle (θ ) is the instantaneous angle, which

the triple contact angle subtends during the contact line motion. The spreading occurs if

the dynamic contact angle is larger than the advancing contact angle, θ >θa d v and UC L > 0,

as shown schematically in Figure 1.9. After reaching the maximum spreading, the droplet

recoils due to the dominance of surface energy over kinetic energy and the contact line re-

cedes in this process. The receding occurs if the dynamic contact angle (θ ) is lesser than

receding contact angle, θ < θr e c , and UC L < 0. The contact line is pinned if, θr e c < θ < θa d v .

The dynamic contact angle (instantaneous contact angle of the droplet) oscillates around

θE with the same frequency and amplitude for all the cases of impact velocities [54]. The

difference between θa d v and θr e c is defined as the contact angle hysteresis (CAH), and UC L

= 0. In a notable study, Bayer and Megaridis [12] reported that at the maximum spread-

ing condition, the contact angle of a water droplet decreases from 125◦ to 40◦ in about 5

ms for impact on a Surevent PVDF (polyvinylidene fluoride) surface. This is due to the dy-
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Figure 1.8: Bouncing of a water droplet of initial diameter 2.5 mm, on a superhydrophobic
surface at impact velocity of 0.83 m/s. Images are taken from Clanet et al. [10].
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Figure 1.9: Relationship between the advancing contact angle, receding contact angle and
the contact line velocity. Image is taken from Ref. [11].

namic contact angle hysteresis, as shown in Figure 1.10. CAH gives us an understanding of

the surface wettability that is smaller the CAH, larger the surface hydrophobicity. C AH is

negligible for a non-wettable surface (θE > 150◦).

When a droplet of diameter, D0, with density, kinematic viscosity and surface tension,

ρ, ν, and γ, respectively, impact on a solid surface with velocity, U0, with speed of sound,

C , thermal diffusivity, a , and acceleration due to gravity, g , then different time scales can

be devised that are characteristics of convection, tc o n v = D0/U0, compressibility effects,

tc o mp = D0/C , thermal effects, tt he r m = D0
2/a , surface tension effects, ts u r f =

Æ

ρD0
3/γ,

viscous effects, tv i s =D0
2/ν, and gravitational effects, tg r a v =

p

D0/g [56]. The ratio of these

time scales yield five characteristics non-dimensional numbers, which govern the impact

phenomena, for example, the Mach number, M a = tc o mp/tc o n v =U0/C , the Weber num-

ber, W e = (ts u r f /tc o n v )
2 = (ρU0

2D0)/γ, the Reynolds number, R e = tv i s/tc o n v =D0U0/ν, the

Peclet number, P e = tt he r m/tc o n v =D0U0/a , and the Froude number, F r = (tg r a v/tc o n v )
2 =

U0
2/g D0. Another non-dimensional number, which shows the relative importance of sur-

face tension effects and gravitational effects is the Bond number, B o = (ts u r f /tg r a v )
2 =

W e /F r . The characteristic length below which the gravity effects can be neglected is called

as capillary length (κ−1), and is defined by the ratio of the Laplace pressure (γ/κ−1) and the

hydrostatic pressure (ρgκ−1). When the two pressures are of equal order, characterizing

the shape of the droplets, then κ−1 is given by the following relation,

κ−1 =
√

√ γ

ρg
(1.5)

If a droplet placed on a plane substrate having radius, R , less than κ−1, then gravity is as-

sumed to have negligible influence on the system, capillarity is the only influencing effect,

and the droplet liquid and surrounding fluid interface is assumed to be a spherical cap. If

R is greater than κ−1, then the interface is flattened by the gravity and is considered as a
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Figure 1.10: At t = t0, the angle subtended by the droplet is advancing contact angle and
at t = t0+5m s , the angle is receding contact angle. The difference between them is called
contact angle hysteresis. Image is taken from Ref. [12].
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puddle.

The droplet impact dynamics is characterized mainly by the Weber number (W e ) and

Ohnesorge number (Z = ts u r f /tv i s =
p

W e /R e 2 = µ/
p
(ργD0)) and Schiaffino and Sonin

[23] proposed four impact regimes on Z −W e scale. These four regimes are categorized as

follows, (a) inviscid, impact-driven in which spreading is aided by dynamic pressure and

resisted by inertia (b) inviscid, capillary-driven in which spreading is aided by imbalance

of capillary force at contact line and resisted by inertia; (c) highly viscous, capillary driven

in which spreading is resisted by droplet viscosity; and (d) highly viscous, impact-driven in

which spreading is resisted by viscous shear. If the impact velocity is much higher, sideways

jetting of the liquid around the axis of symmetry and bubble formation at the center of the

droplet due to air entrapment at the liquid cusp may occur [50].

The impact process is highly transient and the spreading time scales as D0/U0 [57]. For

instance, the time taken for a millimeter size droplet with an impact velocity of 0.4 m/s, to

spread on a hydrophilic surface is around 8 ms as shown in Figure 1.11 [11, 13]. Clanet et al.

[10] reported a analytical model between the maximum spreading of the droplet and W e of

the impact, which is Dma x ∼D0W e 0.25. The impact on a heated solid surface increases the

cyclic spreading and receding of the contact line and the maximum spreading of the droplet

[58, 59]. The maximum spreading is also increased if the initial temperature of the droplet

is increased, however, the period of the oscillation decreases due to decreased viscosity of

the droplet liquid [11]. The maximum spreading can also be increased with the addition of

surfactant in the droplet [57]. Pasandideh-Fard et al. [57] reported that if W e >
p

R e , then

the capillary effects can be neglected.

Superhydrophobic surfaces have attracted many studies in the recent past. The sur-

faces like Teflon, PDMS, SU8, are hydrophobic, whereas glass or other hydrophilic surfaces

can be made hydrophobic through chemically depositing hydrophobic coatings. In na-

ture, several plants and animals have textures on their surfaces at the micrometer level,

which enable the surfaces to be superhydrophobic such that water droplets roll off the

leaves (for example, lotus leaf, rice leaf) or do not stick to the skin (for example, butter-

fly wings). The microtextures on the surfaces also help in low drag locomotion, for exam-

ple, shark skin. Mimicking the wettability of such plants/animals and recreating the su-

perhydrophobic surfaces in labs has been the objective of numerous studies. Researchers

have developed artificial patterned textures, which increases the roughness of the surfaces,

thereby increasing the hydrophobicity. These surfaces are fabricated using techniques like

photolithography and etching. Various microtextured surfaces studied for superhydropho-

bicity is shown in Figure 1.12. The contact angle on these microtextured surfaces generally,

follow the Cassie-Baxter theory [60] or Wenzel theory [61]. Figure 1.13 shows the two states

of the droplet on the microtextured surface. If the droplet liquid penetrates in between

the roughness/textures of the surface, then it is said to be at Wenzel state, and the Wenzel

15



Figure 1.11: Dynamics of a 3µL isopropanol droplet impact on a heated fused silica sub-
strate. Comparison of droplet shapes from experiments (left) with simulated streamlines
and temperature field (right). Images are taken from Ref. [13].
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Figure 1.12: Various microtextured surfaces studied for superhydrophobicity. (a) Scanning
electron microscope (SEM) image of cylindrical micropillars made of silicon (both pillars
and base surface), prepared using photolithography and deep reactive ion etching (DRIE)
technique. Adapted from Ref. [14]. (b) SEM image of tapered microposts on copper sur-
face, prepared using wire cutting machine followed by chemical etching and a thin poly-
mer (trichlorosilane) coating. Adapted from Ref. [15]. (c) 3D AFM image of laser-induced
grooved structures on azobenzene-containing polymer film. Adapted from Ref. [16]. (d)
SEM image of hollow hybrid structures, fabricated using photolithography and DRIE tech-
nique. Adapted from Ref. [17]. (e) Double re-entrant SiO2 microposts, fabricated using
DRIE technique. Adapted from Ref. [18].

wetting angle (θW ) is given by the following relation,

c o sθW = r c o sθ (1.6)

where, r is the roughness (created because of the textures) of the surface. If the droplet

liquid does not penetrate the textures and sits on the top surface of the microtextures, then

it is said to be at Cassie state. The Cassie wetting angle (θC ) is given by the following relation,

c o sθC =−1+ f c o sθ (1.7)

where, f is the solid fraction of the top of the microtextured surface.
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Figure 1.13: Wenzel state in which the droplet penetrates in between the textures and
Cassie state in which the droplet sits on the top of the textures. Image is taken from [19].

1.3 Scope and objectives of the present work

The interfacial phenomenon is influenced by many factors such as temperature and hu-

midity of the air, thermal and physical properties of the substrate, and droplet shape, size,

and surface tension. Understanding the fluid dynamics, mass transfer, and heat transfer at

the micro scale, taking into account the wide range of properties of the liquid, solid, and

gaseous environment is the ultimate objective. From the available literature (described

in the following chapter), evaporation of a sessile droplet suspended with colloidal parti-

cles, on non-heated substrates has been studied extensively. However, most of the studies

have reported with either single particle size or concentration. Although the axisymmetric

Marangoni recirculation inside the droplet due to the uniformly heated substrate is well-

developed, the non-axisymmetric Marangoni recirculation due to non-uniform tempera-

ture on the substrate is not yet explored. The coupled effect of particle size and concen-

tration on the morphology of the ring formed on a non-heated substrate and the pinning

and depinning of the contact line with respect to the particle size on either uniformly or

nonuniformly heated substrate is yet to be explored. In the context of impact dynamics, the

droplet impacting on a hydrophilic surface has been studied extensively both experimen-

tally and numerically. Whereas, the droplet impact study on the microtextured surfaces is

still in development. Therefore, in the present Ph.D. research work, the evaporation of a

sessile water droplet containing colloidal particles on a solid surface, and droplet impact

dynamics on microtextured surfaces are proposed to be studied.

1.4 Organization of thesis

This thesis presents five chapters, which are presented as follows,

Chapter 1 - Introduction: It introduces the droplet evaporation and impact dynamics

problem. The scope and motivation for the present study are presented.

Chapter 2 - Colloidal Deposit of an Evaporating Aqueous Droplet on a Non-heated Sub-

strate: This chapter presents the colloidal solution preparation and experimental methods

to measure the deposits. The different deposition patterns obtained from the evaporation
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of a droplet suspended with colloidal particles, the ring morphology, and profile as a func-

tion of colloidal particles size and concentration is reported and proposed a regime map

classifying regimes of the discontinuous monolayer ring, continuous monolayer ring, and

multiple layers ring on particle concentration - particle size plane

Chapter 3 - Colloidal Deposit of an Evaporating Aqueous Droplet on a Non-uniformly

Heated Substrate: This chapter presents the experimental methods to obtain non-uniform

temperature on the substrate using Peltier coolers and visualization technique from the

top with an infrared camera and side visualization using the high-speed camera as evap-

oration proceeds with time. The different deposition patterns obtained as a function of

temperature gradient on the substrate and particles size are discussed.

Chapter 4 - Impact Dynamics of a Pure Aqueous Droplet on Microgrooved Surfaces:

This chapter introduces droplet impact on microtextured surfaces, reviews the literature

on experimental droplet impact study on micropillared and microgrooved surfaces, stud-

ies the effect of the pitch of the grooves and Weber number on the impact dynamics and

proposed a regime map for different outcomes of the droplet impact study such no bounc-

ing, complete bouncing, bouncing with droplet breakup.

Chapter 5: Conclusions and Future Scope of Work: This chapter explains the conclu-

sions drawn from the present work for the three problems presented from chapter 2-4, and

finally, present the scope of future work.
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Part I

Self-Assembly of Colloidal Particles
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Chapter 2

Colloidal Deposit of an Evaporating

Aqueous Droplet on a Non-heated

Substrate
1

The profile and morphology of the ring-like deposits obtained after evaporation of a sessile

water droplet containing polystyrene colloidal particles on a hydrophilic glass substrate is

investigated. The coupled effect of particle size and concentration are studied. The evapo-

ration of a sessile water droplet containing graphene nanoplatelets on a glass substrate was

also investigated independently, to study the effect of the concentration of dispersed graphene

nanoplatelets in water. The final deposits were qualitatively visualized under an optical

microscope and profile of the ring was measured by an optical profilometer. In the case

of polystyrene particles as colloidal suspensions, the profile of the ring resembles a partial

torus-like shape for all cases of particles size and concentration. The cracks on the surface of

the ring were found to occur only at smaller particle size and larger concentration.A regime

map is plotted to classify discontinuous monolayer, continuous monolayer and multiple lay-

ers formed in the ring on particles concentration-particle size plane. There exists a critical

concentration (particle size) for a given particle size (concentration) at which the monolayer

forms. For the larger particle sizes, the immersion capillary forces between the particles dom-

inate aiding the formation of a monolayer of particles. The relative mass of the particles ac-

cumulated in the ring is lesser in cases of the monolayer. Both the width and height of the

ring is measured and show that they scale with particle concentration by a power law for the

rings of multiple layers of the particles. This scaling corroborates with an existing contin-

uum based theoretical model. The effect of the interaction of growing deposit with shrink-

ing free surface on ring dimensions and profile is briefly discussed. In the case of graphene

1LK Malla, R Bhardwaj, A Neild, “Analysis of Profile and Morphology of Colloidal Deposits ob-
tained from Evaporating Sessile Droplets” C o l l o i d s a nd S u r f a c e s A : P h y s i c o c he mi c a l a nd
E ng i ne e r i ng As p e c t s , 567 (2019) 150-160. https://www.sciencedirect.com/science/article/
pii/S0927775718316157
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nanoplatelets as colloidal suspensions, the same coffee-ring like final deposits were obtained,

however, the 2D flakes type graphene nanoplatelets remained as a coating on the substrate

that is minimal ring height in comparison to the ring width.

Graphical Abstract: The evaporation dynamics of a microliter water droplet containing

polystyrene colloidal particles on a non-heated glass substrate, recorded by high-speed visu-

alization and optical microscopy to study effect of the particles diameter and concentration

on the profile and morphology of the ring formed.

2.1 Introduction

Recent reviews by Routh [62] and Parsa et al. [45] identified a multitude of parameters,

which could play a role in determining the pattern of the final deposit: Marangoni convec-

tion, pH of the suspension, particle size, particles shape, particle concentration, substrate

temperature, substrate wettability, particles hydrophobicity, relative humidity, electrowet-

ting etc. In particular, Marangoni convection has been shown to reverse the coffee-ring

effect [9, 20, 32, 46] and an inner deposit with a much smaller radius than the initial wetted

radius is the final outcome instead of the ring. By lowering the pH [8] or by using ellipsoidal

particles [63], or by applying electrowetting [64, 65] the particles deposit uniformly across

the wetted area. Indeed, the deposit pattern could alter substantially depending upon the

system used and some examples of the patterns include, a uniform deposition [66], an inner

deposit [67], a stick-slip pattern resulting in multiple rings [68], fingering-like pattern [69],

patterns displaying cracks [70], a crystalline pattern [71] , a ring with an inner deposit [20]

and patterns combining more than one of these features. In the following section, some

studies on the colloidal deposits influenced remarkably by particles size, concentration,
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shape, and wettability are extensively reviewed.

2.2 Literature review

2.2.1 Effect of particles size

There has been numerous previous studies, which reported the effect of particle size on

the deposit patterns. For example, the evaporation of an aqueous polystyrene particles

suspension on mica substrate produce ring with smaller inner rings for 0.1 µm particles

while three zones, namely, ring, arches and radial lines with half arches form for 1 µm par-

ticles [42]. Chon et al. [72] studied evaporation of droplet containing different diameters of

particles, namely, Au (2 nm), Al2O3 (11 nm and 47 nm), and CuO (30 nm), with 0.5% con-

centration. They found that the droplet containing smaller particles form a wider ring with

central deposition while larger particles droplet form a distinct narrower ring. Perelaer et

al. [73] investigated the deposition behavior of silica particles of different sizes [0.33 - 5]

µm and reported that the diameter of the dried deposit is slightly smaller than the initial

wetted diameter and difference between the two diameters increases with an increase in

particle diameter due to wedge shape of the interface at contact line.

Bhardwaj et al. [32] studied evaporation of colloidal droplet containing 0.1 and 1 µm

polystyrene particles at 1.0 % particles concentration. They reported partial torus-like ring

profiles for smaller particles size, whereas monolayers were formed for larger particle size.

Marin et al. [74] studied the ordered to disordered transition of the particles packing at

the contact line for different particles sizes of 0.5 - 2 µm. This transition occurs during

the last stages of evaporation, when the shrinking interface leads to a sudden increase in

the outward radial velocity, the resulting rush-behavior of the particles leads to disorder

arrangement of the particles at the inner edge of the ring. Weon and Je [75] explored self-

pinning characteristics of a decalin droplet suspended with PMMA particles and found that

the colloidal droplet pins at the initial contact line irrespective of particles size, with the

capillary force experienced by the particles at the contact line retarding the spreading of the

droplet due to pinning. Subsequently [69], they showed that small PMMA colloids of d = 0.1

µm tend to form coffee-ring at contact line, whereas, large colloids of d = 1.0 µm tends to

form a central bump for the decalin droplet and with an increase in particles concentration

the ring and central bump increases.

Yang et al. [76] recorded different deposits - multi-ring, radial spokes, spider web, foam,

and islands - using droplets containing sulfate-modified polystyrene particles of different

size ([20-200] nm) and concentrations over a very small range ([0.1-0.5] % v /v ). They at-

tributed these deposits to competition between the receding contact line velocity and the

particle deposition rate at the contact line. Ryu et al. [77] observed rings for 0.1, and 1.0µm
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particles and bumps for 5 and 10µm particles. The absence of flocculation of the larger par-

ticles in the droplet hinders ring formation. Patil et al. [7] studied the deposition patterns

of polystyrene particles of different sizes (0.1, 0.46, 1.1, and 3 µm) on a silicon wafer. They

reported that an inner deposit and a thin ring with inner deposit form for smaller and larger

particles, respectively. The formation of the deposits was explained by early depinning and

self-pinning of the contact line in the two cases, respectively. Hence, a wide range of be-

haviour has been identified as a result of changing particle size, but these studies consider

only a single concentration or a very limited range of concentrations.

Graphene has become a prominent subject in the field of colloidal sciences due to its

importance in producing electronic circuits [28], organic thin film transistors [29], etc. in

the printed electronics field. Kim et al. [28] reported the effect of the size of the graphene

oxide nanosheets on forming a uniform film when drop cast. A droplet containing graphene

oxide nanosheets forms a uniform deposition at a critical temperature of the substrate, and

that critical temperature is smaller for larger size graphene nanosheets. Nayak and Prabhu

[78] studied the wettability characteristic of the graphene-based nanofluids and reported

the increase in heat transfer capabilities of such fluids with an increase in solute concen-

trations.

2.2.2 Effect of particles concentration

In the context of the effect of particles concentration on the ring-like deposits, Sefiane [79]

varied Al2O3 particle concentration (0.1, 0.5, 1.0, and 2.0 %) and found ring thickness in-

creases with concentration and radial spoke-like patterns became evident at the higher

concentrations studied. Orejon et al. [80] reported that suspended TiO2 nanoparticles in a

water droplet induce stick-slip motion of the contact line and that with an increase in the

TiO2 concentration, the depinning time of the contact line increases on both hydrophilic

and hydrophobic surface. Brutin [81] observed a ring without any inner deposits for a criti-

cal concentration of 1.15 vol% of 24 nm size polystyrene particles, and above that a flower-

like inner deposit was observed. Nguyen et al. [82] observed the formation of inner de-

posit with organic pigment nanoparticles during the evaporation of sessile water droplets

on smooth hydrophobic surfaces. The radius of this inner deposit is smaller than the initial

wetted radius and as it increases with increase in the particle concentration.

Ryu et al. [77] reported that the increase in the concentration of polymer (PEO) to the

water colloidal solution of PMMA, suppresses the ring in case of smaller colloids, however,

enhances in case of larger colloids. The aggregation of the small colloids with the addition

of polymer prevents the outward radial flow of the particles, however, for large colloids,

ring-induced hydrodynamics is more predominant than colloid-polymer interactions [77].

Lee et al. [83] observed uniform deposits of Al2O3 particles (0.1 µm) on glass substrates at
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concentrations of greater than equal to 1%. They reported that ring forms on a less wettable

surface and the ring widths are larger for smaller particles. In a recent study, Patil et al. [20]

measured ring profiles for 460 nm particles at 0.1% and 1% concentration and reported an

increase in ring width and height with the concentration. Sondej et al. [84] used white light

interferometry to measure the ring profiles obtained after evaporation of a sessile water

droplet containing sodium benzoate particles and reported the increase in ring height and

reduction of drying rate with increase in the particles concentration. Again, whilst there

is a large number of studies on the effect of concentration, they focus on a single particle

size. Zhong and Duan [85] reported the effect of concentration of graphene nanoparticles

as a solute with water and water plus ethanol as solvents, on evaporation rate and pin-

ning effect. The addition of ethanol to water results in a relatively lower surface tension

of the water-ethanol binary fluids, and a smaller initial contact angle and a longer wetted

diameter for the nanofluid droplets [85]. Due to non-uniform distribution of ethanol in the

mixture, Marangoni flow occurs inside the droplet, the flow becomes chaotic, and vortices

are observed over the liquid-air interface with a concentration of graphene nanoparticles

and ethanol at 1.5 g/L and [0-50]% v /v , respectively [85].

2.2.3 Effect of particles shape

A uniform deposition of the particles is obtained after evaporation of water droplet sus-

pended with ellipsoidal shape particles on a glass substrate, whereas ring is formed with

spherical shape particles [63]. Anisotropic particles such as of ellipsoidal shape move to-

wards the liquid-air interface during evaporation and interlock among themselves forming

an arrested structure at the interface, which reduces the mobility of the particles and lead-

ing to lower outward radial flow [63].

2.2.4 Effect of particles wettability

The particle hydrophobicity can also influence the morphology, as reported by Shao et al.

[86]. They showed that the hydrophobic particles result in a spoke-like deposit as compared

to a typical ring-like deposit due to stronger capillary forces between them [86].

2.2.5 Cracks on the ring

Regarding the morphology of the rings formed, cracks on the surface of the ring have been

previously reported, for example, Pauchard et al. [87] observed a radial crack pattern at

regular intervals on the ring of the dried deposit of aqueous silica solution (particles di-

ameter of around 30 nm) with the addition of small quantity of salt. Brutin et al. [88] ob-

served distinct crack patterns on the periphery of the ring of a dried blood drop on glass
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(θe q = 21◦), which is more wettable, whereas, on Gold (θe q = 92◦) and Aluminium (θe q =

96◦) surfaces, no cracks are observed. Carle and Brutin [89] investigated the different crack

patterns formed on the dried patterns of different nanofluid droplets with different surface

functional groups on substrates of different surface energy. They reported that the crack

spacing/deposit height ratio is a linear function of the substrate surface energy, irrespec-

tive of the surface functional groups of the nanofluid. Zhang et al. [90] reported radial crack

patterns on the ring of PTFE deposits with an increase in crack length and crack spacing

with an increase in PTFE concentration. They also reported that the surface wrinkling of

the gel phase of the drying droplet to be one of the reasons for the initiation of cracks.

Ghosh et al. [91] reported the effect of the substrate wettability on the dynamics of the

cracks formed on the dried rings of an aqueous droplet containing polystyrene nanopar-

ticles (d = 53 nm). They reported the crack length from its tip at the outer ring periphery,

and the crack rupture thickness decreases and increases, respectively, with the increasing

hydrophobicity of the substrate. Kim et al. [92] studied the crack formation mechanism

on drying of a colloidal droplet of PMMA particles and observed that the crack initiation

mechanism is favorable in small colloids (0.1µm diameter) than that to the large colloids (1

µm diameter) due to air invasion inside the ring in the former. Lama et al. [70] studied crack

formation in the ring using silica nanoparticles and polystyrene particles (0.1µm diameter)

of different concentration of [0.1-2.0]% wt and observed larger crack density and ordered

cracks on the ring at a larger substrate temperature due to lesser ring height. Dugyala et al.

[93] reported on the effect of particles shape on the cracks formed in the ring and observed

radial and concentric crack patterns for spherical and ellipsoidal particles, respectively. A

recent review by Giorgiutti-Dauphiné and Pauchard [94] identified several factors affecting

crack patterns on the dried droplet, such as initial contact angle of the droplet, relative hu-

midity, mechanical properties of the solute, shape of the solute, external force, etc. They

also reported that the capillary pressure in a random close packing of monodisperse par-

ticles scale as 5.3γ/d, that is, dried patterns of a droplet containing smaller size particles

are more prone to cracking. Here, too though, there has been little work on examining the

occurrence of cracks in a single system over a wide range of concentrations and particle

sizes, or quantitative studies of the rings formed.

2.3 Objectives

While the influence of either particle size or concentration on the deposit formation has

been studied, there has been no paper reporting on the combined effect of these two key

parameters, to the best of our knowledge, with exception of the work of Weon and Je [69].

However, in this paper, authors investigated the deposition patterns for a system (decalin/glass)

that exhibits Marangoni effect while the focus of the present work is to consider a system
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(water/glass) without Marangoni effect. Note that the evaporating water droplets in ambi-

ent temperature do not exhibit Marangoni effect [46]. The second issue in this arena is that

the quantitative measurements of ring profile or dimensions as a function of particle size

and concentration have not been reported, to the best of our knowledge.

The present work investigates the cross-sectional profile of the ring as a function of

particle size and concentration. In the context of the ring morphology, it is not clear un-

der which conditions the deposit would comprise of mono or multiple layers of particles

and how cracks on the surface of the ring-like deposit would be influenced by particles size

and concentration. It has been shown in the literature that the particle size influences the

deposit pattern and shape significantly. For instance, larger colloids (20 µm polystyrene

microspheres) deposit inside the ring as compared to smaller colloids (2 µm polystyrene

microspheres) that deposit in the ring, explained by a larger capillary force on the larger

colloids [95]. In addition, it is well-known that larger colloids exhibit strong capillary forces

among them during drying [96]. However, the monolayer ring formed for large colloids

below a critical particle concentration and the dynamics in its formation have not been ex-

plored in the literature. Therefore, the overall objective in this chapter’s work is to quanti-

tatively investigate the coupled effect of the particles size and concentration on the profile,

dimensions, and morphology of the ring.

Also previous studies on the evaporation of graphene-based nanofluids focussed only

on wettability characteristic study, and formation of a uniform film of deposit digressing

towards its electrical application part. Graphene nanoplatelets are 2D flakes type structure

and the evaporation dynamics of water-based graphene nanoplatelet solution has not been

studied extensively in literature to the best of the author’s knowledge. The effect of the

concentration of the graphene nanoplatelets in the solvent and substrate heating on the

deposit patterns is investigated.

2.4 Experimental methods

Aqueous colloidal suspensions of 10 % v/v of uniformly monodispersed polystyrene latex

beads of diameter d = 0.1 µm (LB1), 1.1 µm (LB11), and 3.0 µm (LB30) were obtained from

Sigma Aldrich Inc. The standard deviation of the particles diameter in the suspension is on

the order of 5-15% of the mean diameter and the particles density is around 1005 kg/m3, as

per the manufacturer’s data sheet. Solutions over a wide range of concentrations, c = 0.001,

0.01, 0.1, and 1.0 % v/v, were prepared by diluting with deionized water. The graphene

nanoplatelet dispersed in water concentration of 1 mg/ml, was also obtained from Sigma-

Aldrich Corporation, USA (799092, Graphene 0.1 wt%, and water 99.9 wt%). The original

solution concentration regarding volume percentage is 0.1 %v/v. This solution was further

diluted with deionized water to prepare concentrations of c = [0.01 - 0.1] %v/v. After di-
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0.001 % v/v 0.01 % v/v 0.1 % v/v 1.0 % v/v
0.1 µm 34◦ 34◦ 33◦ 33◦

1.1 µm 36◦ 36◦ 35◦ 34◦

3.0 µm 42◦ 41◦ 39◦ 42◦

Table 2.1: Measured initial static contact angles (in degrees) of the droplets containing
polystyrene particles for different cases of particles concentration (c ) and particle size (d ).
The uncertainty in these measurements is around ±1◦.

0.001 % v/v 0.01 % v/v 0.1 % v/v 1.0 % v/v
0.1 µm 1.4 1.4 1.5 1.4
1.1 µm 1.3 1.3 1.4 1.3
3.0 µm 1.4 1.3 1.3 1.3

Table 2.2: Measured initial wetted radius (in mm) of the droplets containing polystyrene
particles for different cases of particles concentration (c ) and particle size (d ). The uncer-
tainty in these measurements is around ± 0.1 mm, respectively.

lution, sonication of the solutions was performed for about 30 minutes to ensure uniform

suspension of the particles in the solutions. The droplets of the colloidal suspensions were

generated using a micropipette (Prime, Biosystem Diagnostics Inc.) of the volume of 1.1 ±

0.2 µL. The droplets were gently deposited on the substrate.

Glass slide (Sigma Aldrich, S8902) with dimensions of 75 x 25 x 1 mm3 served as the sub-

strate in all experiments. The glass slide was washed with isopropanol and was allowed to

completely dry in the ambient conditions for few minutes before the droplet was deposited

on it. A fresh slide was used to repeat or to perform a new experiment. The droplet wetted

radius (R ) and height (H ) for the experiments of polystyrene particles as colloidal suspen-

sions were measured using images obtained from a side view. Since the wetted diameter of

the deposited droplet was below the capillary length of water (≈ 2.7 mm), the droplet dis-

plays a spherical cap and the initial static contact angle is given by, θ = 2t a n−1(H /R ) [13].

The measured values of the contact angle and wetted radius based on three experimental

runs are listed in Table 2.1 and Table 2.2, respectively. The uncertainties in these measure-

ments are around±1◦ and± 0.1 mm, respectively. While the measured initial static contact

angle does not show significant variation with particle concentrations there is a slight in-

crease in the contact angle with an increase in particle size.

The dried patterns of the colloidal particles were visualized from the top by an opti-

cal microscope (Olympus Corp. Inc., BX53F, with a magnification of 10X to 40X). The fi-

nal dried patterns obtained after evaporation of the aqueous graphene nanoplatelets were

visualized from the top by a high-speed camera (Motion Pro, Y-3 classic) mounted on a

tripod. A LED light acted as a back-light source for the camera and was placed inside the

hollow transparent base. During the evaporation, particle motion was visualized by a high-

speed camera (IDT Inc, Motion- Pro Y-3 classic) mounted on the optical microscope. Field
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Figure 2.1: Measured ring profiles obtained after evaporation of 1.1 µL droplet containing
1.1 µm polystyrene particles with 0.1 %v/v concentration on a glass surface with an aver-
aged profile (thicker black line).

emission gun scanning electron microscope (JSM-7600F, Jeol Inc) was employed to record

a high-resolution view of the ring morphology. The ring profiles were quantitatively mea-

sured by a 3D optical profilometer (Zeta-20, Zeta Instruments Inc., optical resolution ∼ 0.1

µm). The ring profile was measured at four locations (the left, top, right, and bottom side)

around the periphery of the ring as shown in Figure 1.6 (a), which is the case for d = 1.1

µm, and c = 0.1 %v/v. The average profile was obtained using the profiles at these four lo-

cations, as shown by a thick black line in Figure 2.1. All experiments were performed three

times to ensure repeatability. The ambient temperature and relative humidity were 27 ±

2◦C and 35 ± 5%, respectively.

2.5 Results and discussions

2.5.1 Polystyrene particles

The results for the evaporation of 1.1 ± 0.2 µL water droplets containing polystyrene parti-

cles on hydrophilic glass substrate for three cases of particle diameter (d = 0.1, 1.1, 3.0µm)

and four cases of particle concentrations (c = 0.001, 0.01, 0.1 and 1.0 %v/v) is presented.
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2.5.1.1 Deposit patterns and morphology of the ring

Figure 2.2 shows the top view of dried deposits obtained after the evaporation of the droplet

for different cases of particle size and concentration. Each row and column in Figure 2.2

represent a constant particle size and constant particle concentration, respectively. The

deposit is predominantly a ring in all cases and its formation is explained as follows. The

contact line remains pinned during the evaporation for the aqueous droplet considered

here, as reported in our previous work [20]. The ring forms due to advection of the parti-

cles by the evaporation-driven outward flow [37]. As reported by Hu and Larson [46], the

Marangoni flow is absent during evaporation of a water droplet at ambient temperature,

consistent with our observations here. Note that the substrate thickness is large enough

not to induce a thermal gradient on the liquid-gas interface due to the latent heat of evap-

oration [97]. At larger particles concentration and larger particle diameter (c = 1.0 % for d

= 1.1 µm and 3 µm), alongside the formation of the ring, particles are also deposited in the

inner region of the droplet.

The settling velocity of the particles can be estimated using Stokes’s law as follows,

Us = d 2(ρp −ρ)g /18µ, (2.1)

where d , ρp , ρ, g and µ are particles diameter, particle density, the density of water, gravi-

tational acceleration, and viscosity of water, respectively. The evaporation-induced advec-

tion velocity is estimated as follows [8],

Ue = jma x/ρ, (2.2)

where jma x is the maximum evaporation rate at the pinned contact line. The estimated

values of Ue /Us for 0.1, 1.1, and 3.0 µm are 25310, 215, and 24, respectively, implying that

evaporation-induced advection overwhelms gravitational sedimentation of the particles.

Therefore, the main mechanism of the particles deposition in the ring in the present work

is the same as reported in classical “coffee-ring” deposition [37]. The ring width increases

with the increase in the concentration for a particular size as observed qualitatively in 2.2.

Figure 2.3 shows the zoomed-in view of the ring, exhibiting morphology, for all cases.

The contact line is on the left of each frame. Note that few out-of-focus marks seen in some

images (specifically seen in the image of the case of d = 1 µm) are experimental artefacts.

With the increase of particle concentration more particles are deposited in the ring, result-

ing in it being both thicker and more densely packed, this is observed qualitatively in Figure

2.3. In Figure 2.3 (second row) for d = 1.1 µm, a discontinuous and continuous monolayer

of the particles are observed at c = 0.001, and 0.01 %, respectively (the ring height is con-

firmed through quantification in section 3.5.2). Similarly, at d = 3.0 µm and for c = 0.001

and 0.01 %, discontinuous monolayer ring forms while for c = 0.1 %, continuous mono-
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Figure 2.2: Ring-like deposit patterns obtained after the evaporation of 1.1 µL water
droplets containing polystyrene particles on a hydrophilic glass substrate. Particle size is
kept constant in three rows (d = 0.1, 1.1, 3.0 µm) and particle concentration is kept con-
stant in four columns (c = 0.001, 0.01, 0.1 and 1.0 %). The scale is shown in the top left.
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c %v /v Crack spacing (µm) Cracks per unit length (µm−1)
0.1 µm 13.33 ± 2.2 0.0825
1.1 µm 17.63 ± 4.3 0.0588

Table 2.3: The crack spacing and the number of cracks per unit length for spherical particles
of the size, d = 0.1 µm and concentrations, c = 0.1, and 1.0 % v/v.

layer rings forms. As c increases, the particles stack up in the ring at c = 0.1, and 1.0 % for

d = 1.1 µm and at c = 1.0 % for d = 3.0 µm and rings with multiple layers of the particles

form.

The formation of the monolayer ring can be attributed to the increase in the inter-

particle capillary forces at larger particle size, as these forces scale with d 2 [96]. The de-

posits of d = 1.1µm (Figure 2.3, c = 0.01 to 1%) and d = 3µm (Figure 2.3, c = 0.1 to 1% and

Figure 2.4(b)) show ordered crystal-like morphology near to the contact line while disor-

dered random aggregates form closer to inner boundary of the ring and in the inner region

(Figure 2.4(b)). As explained by Marin et al. [74], these different morphologies exist due to

a rather slow deposition of the particles in the initial stage of the evaporation, due to which

particles get enough time to order themselves by Brownian motion into a crystal-like struc-

ture.

For the more complex stacked structures which can be deposited, under certain con-

ditions, cracking occurs during ring formation for d = 0.1 µm at c = 0.1 % and c = 1.0 %

(last two frames of the first row of Figure 2.3 ). At c = 0.1 %, disordered and dendritic-like

cracks are obtained, whilst for c = 1.0 % the cracks are ordered along the radial direction

and aligned along the direction of the drying front. An SEM image of the cracks at d = 0.1

µm, c = 0.1 % (Figure 2.4(a)) shows a dense packing of the particles at the two interfaces

of the crack. As pointed to in Refs. [6, 70, 93, 98], a growing ring exhibits a gel-like behavior

with a dense packing of the particles.

As the liquid evaporates in the final drying stage, the ring tries to shrink, and the pinned

contact line obstructs such shrinkage. This results in stresses in the deposit and conse-

quently, it induces cracks in the ring. The cracks appear only in the last stages of the evap-

oration as confirmed by the time-varying images in Figure 2.5 (a) showing particles deposi-

tion in the ring for d = 0.1 µm, c = 0.1 %. The cracks spacing and the number of cracks per

unit length for d = 0.1 µm, c = 0.1, and 1.0 % are calculated from the zoomed-in images

of Figure 2.3 and are reported in Table 2.3. With an increase in the particles concentra-

tion, the spacing between two consecutive cracks increases and the number of cracks per

unit length decreases, consistent with previously reported data by Dugyala et al. [93] for

ellipsoidal particles.

The cracks are not observed for larger colloidal particles because air entrainment oc-

curs in the gaps between the particles as confirmed by SEM image for d = 1.1 µm in Figure
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Figure 2.3: Morphologies of the rings for the cases plotted in Figure 2.2 are shown by the
zoomed-in view of the ring for the respective case. Scale bars are given below the respective
images.
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2.4(b). This finding is consistent with data reported by Kim et al. [92]. Since larger col-

loidal particles have larger inter-particles air gaps, stress is not induced between them. In

the inner region of the deposit, the disordered deposit of particles at larger particle size is

recorded, as shown on the right-hand side of the frames in Figure 2.3 (second row and third

row) and in the SEM image in Figure 2.4(b). This occurs due to the drying and breakup of

the thin liquid film containing particles in the last stages of the evaporation. Singh and

Tirumkudulu [99] reported the minimum film deposit height required for the crack propa-

gation, which is,

hmi n = 0.41
p
(G M p R 3/2γ), (2.3)

where G , M , p , R , γ are the particles shear modulus, coordination number, particles pack-

ing fraction, spherical particle radius, and air/liquid surface tension, respectively. The ring

heights obtained for c = 0.001 and 0.01 % are below the critical film cracking thickness [99]

for polystyrene beads of d = 0.1 µm (hmi n ≈ 1 µm) and thus, no cracks are observed for

these cases in Figure 2.3.

The dynamics of the particle deposition process is compared for different cases of par-

ticle size and plot time-sequence images recorded by microscopy showing time-varying

particles deposition in the ring for particle sizes of d = 0.1, 1.1 and 3.0 µm in Figure 2.5(a),

(b) and (c), respectively, at c = 0.1 %. The focal plane is on the substrate surface in all cases

and out-of-focus particles are visible in case of d = 1.1 and 3.0 µm in Figure 2.5(b) and

(c), respectively. The contact line is pinned during the evaporation and particles advect to-

wards the ring in all cases. The ring front shows a significant growth for 0.1 µm and 1.1 µm

particles in Figure 2.5(a) and (b), respectively and the particles stack up in multiple layers

in these two cases (also confirmed in Figure 2.4(b)).

Cracks are visible on the ring surface at t0 + 150 s for 0.1 µm particles in Figure 2.5(a)

and Figure 2.4(a). In Figure 2.5(c), 3.0 µm particles form a monolayer of particles in the

ring instead of stacking up in the multiple layers. During initial stages of the evaporation

(t < t0), the particles are blocked in a wedge-like region of the contact line and deposits few

micrometers away from the contact line (Figure 2.5(c)), consistent with findings reported

by Patil et al. [7] for 3.0 µm particles. At later times (t > t0 + 40 s), other incoming particles

to the contact line adhere to the ones, which are already present near the contact line due to

large immersion capillary forces [96], that scale with the square of particle diameter. In the

last stages of the evaporation, some particles also deposit in the inner region as the contact

line recedes and the remaining liquid film dries out.
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Figure 2.4: (a) SEM of the surface of the ring for 0.1 µm at concentration of 0.1 %v/v. (b)
SEM of the surface of the ring for 1.1 µm at concentration of 0.1 %v/v.
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Figure 2.5: Time-sequence of images showing ring formation in last stage of evaporation
at c = 0.1 % for three cases of particles size (a) d = 0.1 µm (b) d = 1.1 µm (c) d = 3.0 µm.
The ring periphery is on the left in each frame. Respective scale bar is shown on the top of
each row.
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2.5.1.2 Measurement of ring profiles

Figure 2.6 compares the measured ring profiles for different particle concentration (c =

0.001, 0.01, 0.1 and 1.0 %v/v), keeping particle size constant. Note that the origin is located

at the outer periphery of the ring. An isometric view of the ring obtained by optical pro-

filometer is plotted in the insets of Figure 2.6. In Figure 2.6(a), at d = 0.1µm, the ring profile

resembles a partial torus-like shape and such a profile is attributed to a build-up of parti-

cles at the contact line due to the outward flow in the initial stages of the evaporation [37]

and depinning of the contact line from growing deposit in last stages of the evaporation.

The ring height (h) and width (w ) increase with the particle concentration (c ). Since the

maximum ring height (h) is larger than the particle size in all cases of concentration, the

particles are clearly stacked in multiple layers in the ring. The increase in the ring width

with concentration at d = 0.1 µm is qualitatively confirmed in the first row of Figure 2.3. In

Figure 2.6(b), at d = 1.1 µm, the maximum ring height is almost equal to particle size (h ≈
1.1 µm) for c = 0.001, and 0.01 %. However, for c = 0.1, and 1.0 %, the ring height is larger

than the particle size (h > 1.1µm). Therefore, the particles form a monolayer (a single layer

of the particles) in the ring at c = 0.001, and 0.01 % for d = 1.1 µm.

The monolayer is discontinuous and continuous at c = 0.001, and 0.01 %, respectively,

as confirmed from optical microscopy images in Figure 2.3 (first two frames in the second

row). At c = 0.1 and 1.0 %, the ring width increases with an increase in particle concentra-

tion. In Figure 2.6(c), at d = 3.0 µm, the maximum ring height (h) is same as the particle

diameter for c = 0.001, 0.01, and 0.1 %, corresponding to a monolayer (h ≈ d ). At c = 1.0 %,

the ring height and width increase with an increase in the particle concentration, qualita-

tively shown in the third row of Figure 2.3. The monolayers are discontinuous for c = 0.001,

0.01 % while the monolayer is continuous for c = 0.1 %. The mechanism of the formation of

the monolayer in Figure 2.6(b) and (c) at low concentration was explained earlier in section

3.5.1. However, for larger concentrations at larger particle sizes, there is a sufficient num-

ber of particles available in the droplet which stack up as multiple layers near the contact

line.

Further the deposit profile is quantified by measuring the slope at the outer edge (con-

tact line). Table 2.4 lists the measured angle using the profiles and the cases in which mono-

layer forms are not listed. As expected, the higher the concentration the larger the slope, as

these structures can be built quicker, before the dynamic contact angle drops due to evap-

oration. The slope is slightly larger for d = 1.1 µm, as compared to d = 0.1 µm since the

initial contact angle in the former and latter cases are 35◦ and 33◦, respectively.
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Figure 2.6: Average ring profiles plotted for different cases of particles size (a) d = 0.1 µm,
(b) d = 1.1 µm, and (c) d = 3.0 µm. For each case, different cases of concentrations, c
= 0.001, 0.01, 0.1 and 1.0 % are plotted. X represents the radial coordinate and X = 0 is
the contact line. 3D ring profiles obtained from an optical profilometer for some cases are
shown in the right column.
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Cases d = 0.1 (µm) d = 1.1 (µm)
c = 0.001 % 8.6◦

c = 0.01 % 8.5◦

c = 0.1 % 10.7◦ 12.6◦

c = 1.0 % 11.3◦ 14.7◦

Table 2.4: Measured slope (in degrees) of the deposit profiles at outer edge of the ring for
different cases of particles concentration (c ) and particle size (d ).

2.5.1.3 Regime map

A regime map is plotted to classify monolayer and multiple layer ring formation on particle

concentration-particle size plane in Figure 2.7. The discontinuous or continuous mono-

layer ring occur for larger particle size combined with low concentration, while deposits of

multiple layers form at smaller particle size and larger concentration. Dashed line demar-

cates qualitatively the three regimes and the cracks form in two cases of multiple layers, as

shown in Figure 2.7. Our measurements show that the formation of the monolayer occurs

at a critical concentration at a constant particle diameter or a critical particle diameter at

a constant particle concentration.

The percentage of the mass of the particles present in the ring with respect to the total

mass of the particles in the droplet (ξ) is also estimated for cases of continuous monolayer

and multiple layers. The mass of the ring (Mr i ng ,e x p ) is estimated by the following expres-

sion,

Mr i ng ,e x p =

∫ Rw

Rw−4R

ρp f (R )2πRd R , (2.4)

whereρ, p f (R ), Rw ,4R are particle density, particle packing fraction, ring profile, wetted

radius, and ring width, respectively. The ring profile is obtained by fitting a second-order

polynomial curve using the least-square fitting method to the measured ring profile. Figure

2.7 shows the values of ξ for all cases except those for discontinuous monolayer ring. At

smaller particle size, a large amount of particle mass deposits in case of multiple layers,

as shown in Figure 2.7. The continuous monolayer ring cases show a lesser deposition as

compared to multiple layers due to the deposition of the particles in the inner region in

the continuous monolayer ring. For example, the minimum ξ (around 27%) corresponds

to the case of d = 3.0 µm and c = 0.1 %v/v, in which a monolayer ring forms and multiple

rings are observed along with the outer ring (Figure 2.2).

2.5.1.4 Scaling of ring dimensions with particles concentration

A comparison study is done on the scaling of the ring dimensions with predictions of a

model, proposed by Popov [100], based on the conservation of the mass of droplet liquid
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Figure 2.7: Regime map for classifying regimes of the discontinuous monolayer, continu-
ous monolayer and multiple layers on particle size - particle concentration plane. Dashed
lines serve as a guide to the eye to demarcate the regimes. Percentage of the mass of par-
ticles deposited in the ring is given for each case except in regime of the discontinuous
monolayer.
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and particles during the evaporation. The model treats the particles as continua and ig-

nores immersion capillary forces among the particles during the formation of the mono-

layer ring. Therefore, the comparison of the data of d = 1.1 µm and d = 3.0 µm is not done

against the model since monolayer rings form in this case at low concentrations. In this

model, the non-dimensional ring width (W ) and height (H ) are expressed, respectively, as

follows,

W =w /R = 0.6
p
(c /p ) (2.5)

H = h/R = 0.3θc
p
(c /p ) (2.6)

where w , h , c , p , θc , R are ring width, ring height, particle concentration, particle packing

fraction, static contact angle, and initial droplet wetted radius, respectively. The value of p

is taken as 0.656 from Ref. [42].

Figure 2.8(a) and (b) shows the qualitative comparison between the present measure-

ments for d = 0.1 µm and model predictions for W and H , respectively, as a function of

particle concentration (c ) on a log-log scale. The measurements of d = 1.1 µm and d = 3.0

µm including those result in the monolayer are also plotted in Figure 2.8. The model pre-

dicts the same value of W for all particle sizes, whilst H varies slightly with size due to the

dependence of the H on θc (H = h/R = 0.3θc
p
(c /p )), due to the assumption of a wedge-

like contact line region in the model (Figure 2.9). The measured width and height of the

ring scales non-linearly with particle concentration i.e. W ∼ c m and H ∼ c n . The values

of m and n obtained using least squares curve fitting method for d = 0.1 µm are 0.55 and

0.41, respectively, both values are closer to 0.5, as predicted by the model.

Interestingly, the model underpredicts and overpredicts the width (Figure 2.8(a)) and

height (Figure 2.8(b)) as compared to the measurements, respectively. This is attributed to

the fact that the model presents the shape of the ring profile as a wedge-like region near

the contact line (Figure 2.9) and it does not account for the interaction of the shrinking

free surface with the growing deposit in the last stage of the evaporation [32], which results

in a typical partial torus-like profile of the ring. To verify this hypothesis, the mass of the

particles in the ring obtained in the measurements (Mr i ng ,e x p ) and predicted by the model

(Mr i ng ,mo d e l ) are compared at different particles size and concentrations for multiple layer

ring cases. Mr i ng ,e x p was estimated, as explained previously. Mr i ng ,mo d e l was calculated by

approximating a wedge-like area to a triangle and integrating it over the wetted radius as

the following expression,

Mr i ng ,mo d e l =ρp pπR w h , (2.7)

Figure 2.10 shows the comparison between Mr i ng ,e x p , and Mr i ng ,mo d e l at different par-
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Figure 2.8: Comparison of measured ring dimensions with model predictions at different
particles size, d and particles concentration, c . (a) Non-dimensional ring width (W ) (b)
Non-dimensional ring height (H ). Symbol and broken line represent measurement and
model prediction, respectively.
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Figure 2.9: Schematic showing a comparison between assumed ring-profile in the model
and measured profile.

Figure 2.10: Comparison between the mass of the particles in the ring obtained by the mea-
surements and the model at d = 0.1, 1.1, and 3.0 µm and different concentrations for mul-
tiple layer ring cases.

ticles size and concentrations for multiple layer ring cases. The measured mass is on the

same order of the mass predicted by the model. Therefore, in the last stage of drying, the

spreading of the ring at the expense of its height is noted and is explained by the interaction

of the growing deposit with shrinking free surface. The interaction is not captured by the

model proposed by Popov [100].

This hypothesis is further verified by comparing dynamics of the deposition of the parti-

cles for the formation of the monolayer for d = 3µm, with predictions of a model, proposed

by Deegan et al. [101]. In this model, the number of particles migrating towards the contact

line at a given time, t , follows a power law given by, N ∼ t 2/1+λ [101], where λ is a function

of the initial static contact angle (θc ), λ = (π - 2 θc )/(2 π - 2 θc ). The number of particles

migrating towards the contact line is measured for case d = 3.0 µm and c = 0.1 % (visual-
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Figure 2.11: Count of particles advecting near the contact line as a function of time at d =
3.0 µm and c = 0.1 %

ization of the particle motion of this case is plotted in Figure 2.5). Figure 2.11 shows that

the present measurements agree well with the N − t relationship predicted by the model,

where λ = 0.35, at t ≤ 80 s. The model does not account for the interaction of the growing

deposit with shrinking surface and the difference between the model prediction and mea-

surement start to increase at t > 80 s. As explained earlier, the ring spreads at the expense

of its height during this interaction. The contact line recedes at t ≈ 120 s, resulting in the

formation of a monolayer of particles in the ring.

2.5.2 Graphene nanoplatelets

The results of evaporation of sessile water droplet containing graphene nanoplatelets are

presented. The concentration (c ) of the graphene nanoplatelets is varied from [0.01 - 0.1]

%v/v. The diluted solutions of the graphene nanoplatelets are characterized by measuring

the thermal conductivity (k ) of each solution. Thermal analyzer KD2 Pro (Decagon de-

vices) is used for thermal conductivity measurements. Figure 2.12 shows the k (W/m-K)

values measured for the graphene nanoplatelet dispersed in water solutions of various con-

centrations [0.0001 - 0.1]%v/v. The k (W/m-K) values indicate that there is little variation

in the thermal conductivity of the solution due to the presence of graphene nanoplatelets

in comparison to deionized water. This signifies that individual graphene flake in the di-
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Figure 2.12: Thermal conductivity characterization of the water-based graphene
nanoplatelet solutions of different concentrations

luted solution remains isolated without any percolation. The k value of all the solutions

lies around 0.5 W/m-K.

The final deposit patterns obtained after the evaporation of 1.1 ± 0.2 µL, sessile water

droplets containing graphene nanoplatelets of various concentrations at ambient condi-

tions are studied in this section. Figure 2.13(a) shows the final deposit pattern images ob-

tained by high-speed camera, for the concentrations, c = [0.01, 0.03, 0.07, and 0.1] %v/v.

The final dried patterns show the coffee-ring [37], similar to the polystyrene particles. Since

the evaporating flux is maximum at the contact line owing to the largest surface area; the

ring is formed by convection inside the droplet bringing the inner particles to the outer

area. With the increase in the concentration of the graphene nanoplatelets, the coffee-ring

width and the distribution of the graphene nanoplatelets inside the coffee-ring increases.

As seen in Figure 2.13(a) for c = 0.1 %v/v, a larger amount of graphene nanoplatelets are

deposited in the inner region of the ring. Figure 2.13(b) shows the isometric view of a

coffee-ring section of the dried patterns shown in Figure 2.13(a). Figure 2.13(c) compares

the coffee-ring profiles of graphene nanoplatelets at various concentrations. X = 0 µm in-

dicates the contact line from where ring growth starts. At c = [0.01 and 0.03] %v/v, ring

height is around 0.6 µm, and ring width is around 22 µm. At higher concentrations, c =

[0.07, and 0.1] %v/v, ring height remains the same i.e., around 0.6-0.7 µm. However, the

ring width increases to around 60 µm. Thus, excess graphene nanoplatelets in the larger

47



concentration solutions tend to increase the ring width. Smaller ring heights are observed

in case of graphene suspensions, contrary to the ring heights obtained from polystyrene

particles (greater than 2-3 µm) that remain on the substrate as a monolayer or stacked.

The graphene nanoplatelets are 2D flakes type structures and by the time the liquid evap-

orates, the bulk of the suspensions have deposited as a coating on the surface. With the

increase in the concentration, the rest of the suspensions, which have not radially flown

with the liquid towards the contact line, tends to sediment on the inner region due to the

shrinking liquid-air interface with the evaporation.

2.6 Closure

The ring-like deposits obtained after the evaporation of a sessile water droplet containing

polystyrene colloidal particles on a glass substrate is studied. The coupled effect of the

particle size (d ) and particles concentration (c ) on ring dimensions and morphology have

been investigated. The range of d and c in the experiments are [0.1, 3] µm and [0.001, 1]

%v/v, respectively. The effect of particles concentration on the dried patterns of the aque-

ous droplet containing graphene nanoplatelets is also investigated. The concentration of

the graphene nanoplatelets is varied from c = [0.01 – 0.1] % v/v. The dried patterns were

visualized under an optical microscope and the ring profiles were measured by an optical

profilometer. The measured ring profiles resemble a partial torus-like shape for all cases

of d and c . Cracks on the surface of the ring for d = 0.1 µm and c = 0.1, and 1.0 % are vi-

sualized and their formation is briefly explained. Three types of deposits are classified on

particles concentration - particle size plane, namely, discontinuous monolayer ring, con-

tinuous monolayer ring, and multiple layers ring. In the case of multiple layers, the ring

width and height increases with an increase in particles concentration and relative mass of

the particles accumulated in the ring is the largest at the lowest particle size.

The monolayer ring forms due to larger immersion capillary forces among the parti-

cles at larger particle size and measured particle motion near the contact line qualitatively

confirm the interaction among the particles. A critical particle concentration exists at a

given particle size to achieve its formation. The qualitative measured variation of the ring

dimensions with particles concentration is consistent with the predictions of an existing

theoretical model at d = 0.1 µm. The measured dimensions of the ring scale with particles

concentration by a power law and in general, the scaling agrees with the predictions of the

model. The time-varying ring dimensions is compared with the model and the conclusion

is that a growing ring spreads in the last stage of drying at the expense of its height due to its

interaction with shrinking free surface. The graphene nanoplatelets are having 2D flakes

type structure that remain on the substrate as a coating. The ring heights obtained from the

graphene nanoplataelts are lesser than that obtained from the polystyrene particles. With
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Figure 2.13: (a) Dried patterns obtained after the evaporation of the water-based graphene
nanoplatelet solutions of concentrations, c = [0.01 - 0.1] %v/v. The scale is shown in the
left side. (b) Isometric view of the ring profiles for the above cases, taken by a 3D op-
tical profilometer. (c) Ring profiles measured for evaporation of water-based graphene
nanoplatelets solutions of different concentrations.
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increase in the graphene nanoplatelets concentration, the ring width and intensity of in-

ner deposits also increases. Overall, the present study provides fundamental insights into

the dependence of the ring profile and dimensions on particle size and particles concen-

tration. Our results will help to design technical applications such as inkjet-printing and

manufacturing of bioassays.
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Chapter 3

Colloidal Deposit of an Evaporating

Aqueous Droplet on a Non-uniformly

Heated Substrate
1

The pattern and profile of a dried colloidal deposit formed after evaporation of a sessile water

droplet containing polystyrene particles on a non-uniformly heated glass are investigated ex-

perimentally. In particular, the effects of temperature gradient across the substrate and par-

ticles size are investigated. The temperature gradient was imposed using Peltier coolers, and

side visualization, infrared thermography, optical microscopy, and optical profilometry were

employed to collect the data. On a uniformly heated substrate, a ring with an inner deposit is

obtained, which is attributed to axisymmetric Marangoni recirculation and consistent with

previous reports. However, the dimensions of the ring formed on a non-uniformly heated

substrate are significantly different on the hot and cold side of the substrate and are found

to be a function of the temperature gradient and particles size. In the case of smaller parti-

cle size, the contact line on hot side depins and together with twin asymmetric Marangoni

recirculations, it results in a larger ring width on the cold side as compared to the hot side.

In contrast, the contact line remains pinned in case of larger particles, and the twin asym-

metric Marangoni recirculations advect more particles on the hot side, resulting in a larger

ring width at the hot side. A mechanistic model is employed to explain why the depinning

is dependent on the particle size. A larger temperature gradient significantly increases or

decreases the ring width depending on the particle size, due to a stronger intensity recircu-

lation. A regime map is proposed for the deposit patterns on temperature gradient-particle

size plane to classify the deposits.

1LK Malla, R Bhardwaj, A Neild, “Colloidal deposits obtained after evaporation on a non-uniformly
heated surface.” C o l l o i d s a nd S u r f a c e s A : P h y s i c o c he mi c a l a nd E ng i ne e r i ng As p e c t s ,
doi: 10.1016j.colsurfa2019.124009. https://www.sciencedirect.com/science/article/pii/
S0927775719310003
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Graphical abstract: The evaporation dynamics of a microliter water droplet contain-

ing polystyrene colloidal particles on a heated glass substrate at nonuniform temperature,

recorded by high-speed visualization, infrared thermography and optical microscopy to study

effect of the particles diameter and temperature gradient on the morphology and dimensions

of the ring formed.

3.1 Introduction

In order to engineer the deposit pattern and shape, previous studies have reported the ef-

fect of several parameters on final deposit pattern such as particles size, particles shape,

concentration, hydrophobicity of the particles, pH of the colloidal suspension, substrate

temperature, substrate wettability, relative humidity, electrowetting, etc (see discussion

notable reviews [44, 45, 62, 102–104]). One important parameter in this arena is substrate

temperature that has gained significant attention since 2015 [9, 20, 49]. The focus of the

present work is a non-uniformly heated substrate, that could help to design innovative ap-

plications. For example, droplet migration caused by Marangoni stresses on a surface with

a temperature gradient is useful for developing microfluidic or lab-on-a-chip technologies,

such as one demonstrated in Ref. [105]. In the following, previous studies that tackled the

coffee-ring effect on a uniformly non-heated and uniformly heated substrate have been

discussed. In order to provide context to the non-uniformly heated substrate, previous

studies on evaporation of droplets of pure liquid on such a substrate have also been dis-

cussed.
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3.2 Literature review

3.2.1 Studies on uniformly heated substrate

The role of Marangoni flow on the particle deposition on a uniformly non-heated sub-

strate has been studied extensively. Hu and Larson [46] reported the inner deposits near

the center of a dried microliter octane droplet. Ristenpart et al. [106] reported the dried

patterns with inner deposits obtained on evaporating isopropanol, chloroform, methanol,

and ethanol droplet containing colloidal suspensions on PDMS surface. They also showed

the dependency of the direction of the Marangoni flow on the substrate and liquid ther-

mal conductivity ratio. Bhardwaj et al. [32] reported a central bump pattern obtained on

evaporating nanoliter isopropanol droplet on a PDMS substrate. Xu et al. [107] showed

that the Marangoni flow reverses direction at critical contact angle, which is dependent on

the ratio of substrate to liquid thermal conductivity and the ratio of substrate thickness to

wetted radius of droplet. Weon and Je [69] showed that small colloids (d = 0.1 µm) and

large colloids (d = 1.0 µm) tends to form ring and ring with an inner deposit, respectively,

for a decalin droplet and in a bi-dispersed mixture solution, fingering-like ring patterns are

formed due to the competition between the outward radial flow and the inward Marangoni

flow. Similarly, Trybala et al. [108] reported a spot-like and ring-like dried patterns for the

evaporation of aqueous solutions of carbon and TiO2 nanoparticles on a polyethylene film,

respectively. The former pattern was attributed to the Marangoni recirculation.

In the context of a uniformly heated substrate, Girard et al. [109] mapped the time-

varying liquid-air interface temperature of an evaporating pure water droplet using in-

frared thermography. They reported that the temperature difference between the contact

line and the droplet apex decreases with time. Regarding colloidal suspensions, Li et al. [9]

reported the deposition patterns obtained after evaporation of a droplet containing 0.25%

v/v polystyrene nanoparticles on a glass substrate heated from 30◦C to 80◦C. They found

that due to the inward flow of the particles owing to Marangoni convection on a heated

substrate, the “coffee-ring” changes to “coffee-eye”. Parsa et al. [49] reported the formation

of a dual-ring pattern at the elevated substrate temperatures of 47, 64, and 81◦C due to the

ring-like cluster built-up of the particles on the liquid-air interface, owing to the Marangoni

flow. They reported that a further increase in the temperature to 99◦C led to the formation

of multiple rings due to the stick-slip motion of the contact line. Zhong and Duan [110]

also reported the formation of dual-ring patterns with the same mechanism for the evapo-

ration of aqueous droplets containing graphite nano-powders on silicon wafers, heated at

50◦C. In a follow-up study [111], they reported the suppression of dual ring at 84◦C due to

the enhanced outward radial flow in comparison to the Marangoni flow.

Patil et al. [20] studied the deposition patterns of polystyrene particles on glass and sil-

icon wafers heated from 27◦C to 90◦C at different particles concentrations in an aqueous
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droplet. They reported the thinning of the ring width with an increase in the substrate tem-

perature. In a follow-up study, Patil et al. [7] reported that with an increase in the substrate

temperature, the receding angle of an aqueous droplet containing smaller polystyrene par-

ticles (d = 0.1µm) reduces on a silicon wafer, which helps in pinning of the contact line and

formation of a thin ring along with an inner deposit due to the Marangoni recirculation.

Regarding bi-dispersed colloidal suspensions, Parsa et al. [112] reported the self-sorting

of 1.0 µm particles towards the outer edge of the ring in the evaporation of a bi-dispersed

solution containing 1.0 and 3.2 µm particles on a uniform heated substrate. Similarly, the

self-sorting of the smaller particles near the contact line was reported by Patil et al. [7] dur-

ing the evaporation of a bi-dispersed solution containing smaller (0.1 and 0.46 µm) and

larger particles (3.0 µm) on a heated silicon wafer.

3.2.2 Studies on non-uniformly heated substrate

In the context of the non-uniformly heated substrate, several studies reported migration

of a pure liquid droplet on the surface with low contact angle hysteresis (C AH ) and at-

tributed this migration to Marangoni stresses. Brzoska et al. [113] reported PDMS droplet

movement form hot side to cold side on silanized Si wafers which have a low contact an-

gle hysteresis (around 2◦). They theoretically found that for a given temperature gradient,

droplets above a critical wetted radius will move. The temperature gradient on the sub-

strate was varied from 0.35 to 1.08◦C/mm. Notably, they reported that the internal flow

direction is from the hot side to the cold side along the liquid-gas interface. Tseng et al.

[114] numerically studied silicone droplets (0.1 – 2 µl) movement towards the cold side on

a hydrophobic surface having a temperature gradient of 100 ◦C/mm. They reported that

the movement is due to the difference in the momentum transfer owing to asymmetry in

the Marangoni vortices. Chen et al. [115] studied the thermocapillary migration of the

droplets on DTS- and OTS-coated Si wafers. The droplets were having low contact angle

hysteresis (less than 3◦) on the substrates and the droplet migration speed decreases with

the increase in the hysteresis.

Nguyen and Chen [116]numerically found that the migration diminishes for the droplet

with a smaller static contact angle (SCA) and is larger for droplets with SCA greater than

90◦. They reported the two asymmetric Marangoni vortices inside the droplet, which is

larger on the hot side in comparison to the cold side. Nguyen and Chen [117] reported that

the effect of buoyancy convection on smaller droplets (wetted radius less than 2 mm) is

negligible in comparison to thermocapillary convection due to an imposed temperature

gradient. Bakli et al.[118] simulated the thermocapillary migration of a nanoliter droplet

and observed that the droplet moves toward the colder surface on the large wettable surface

whereas, the reverse occurs on the less wettable surface. Foroutan et al. [119] through
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molecular dynamics simulations reported the translational as well as rotational motion of a

nanodroplet on a graphene substrate when subjected to a temperature gradient. Recently,

Ouenzerfi and Harmand [120]observed the opposite migration of water-3% butanol binary

droplet, i.e., from the cold side to the hot side, on a substrate with 0.5◦C/mm gradient.

Authors attributed it to increase in surface tension of the binary liquid with temperature

beyond a critical temperature.

In contrast, the droplet does not migrate on a nonuniform heated surface with larger

C AH . Recent studies have measured flow-field in an evaporating droplet on low C AH sur-

face. The surface tension is lower on the air-liquid interface at the higher temperature side

of the contact line of the droplet than at the lower temperature end. The surface tension

gradient creates a twin Marangoni recirculation, in which the flow direction is from the

hot side to the cold side along the interface, as experimentally visualised by Pradhan and

Panigrahi [121] in a droplet with 1.9 mm wetted diameter with an imposed temperature

gradient of 1.8◦C/mm. Similarly, such twin recirculations were visualized through infrared

thermography by Askounis et al. [122] in an evaporating water droplet on a copper sub-

strate, locally heated by a laser at a point near the contact line.

3.3 Objectives

A brief literature review shows while the effect of the temperature gradient across the sub-

strate on thermocapillary migration and internal flow fields inside pure liquid droplets is

well-established, there are no reports of the evaporation of the droplets of colloidal sus-

pensions on a non-uniformly heated substrate, to the best of our knowledge. Therefore,

the primary objective of the present work is to investigate the pattern and profile of dried

colloidal deposits on the non-uniformly heated substrate. In particular, the effect of parti-

cle size and intensity of temperature gradient on the deposits are presented. The present

work utilizes the system with large contact angle hysteresis in order to avoid droplet migra-

tion.

3.4 Experimental details

3.4.1 Generation of droplets of colloidal suspensions on glass

Aqueous colloidal suspensions of 10 %v/v of uniformly dispersed polystyrene latex beads

of diameter d = 0.1 (LB1), 1.1 (LB11), and 3.0µm (LB30) were obtained from Sigma Aldrich

Inc. The suspensions were used as procured from the manufacturer and were diluted by

deionized water (resistivity of 18.2 MΩ·cm) to prepare a solutions of concentrations, c =

0.05, 0.1, and 0.5 %v/v. Once dilution was complete, solutions were sonicated for about
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30 minutes to ensure a highly disperse sample. The properties of these suspensions are

available through the manufacturer product information sheet [123] and are briefly given

as follows. The standard deviation of the diameter of the particles in the solution is on the

order of 5-15% of the mean diameter. The density of the particles is around 1005 kg/m3,

implying they are neutrally buoyant and do not sediment on the substrate. The particles

are hydrophilic and the contact angle, when attached to the air-water interface, is around

43◦ [124]. The measured zeta potential (measured through instrument ZetaSizer NanoZs,

Malvern Instruments Ltd.) for the 1.1 µm particles in an aqueous solution with concentra-

tion of 0.1 % v/v is -26.1 mV. The surface charge density of the 1.1 µm particles in an aque-

ous solution is around -2 µC/cm2, as reported in previous measurements [125]. Droplets

of volume 1.0± 0.3 µL were generated using a micropipette (Prime, Biosystem Diagnostics

Inc.) and were gently placed on the substrate. Pre-cleaned glass slides (Sigma Aldrich Inc.,

S8902 [126]) with dimensions of 75 x 25 x 1 mm3 served as the substrate. The glass slide was

washed with isopropanol and was allowed to completely dry in the ambient conditions for

a few minutes before the droplet was deposited on it. A fresh glass slide was used to re-

peat or to perform a new experiment. The roughness of the slide was measured using AFM

(MFP-3D Origin, Asylum/Oxford Instruments Inc.) in non-contact mode and root mean

square value (Ra ) is around 2.9 nm. The surface potential of the glass surface is around -40

to -15 mV, as reported in previous measurements [8, 127].

3.4.2 Non-uniform heating of the substrate

In order to impose a temperature gradient on the glass slide, two Peltier coolers (TEC-

12706) were used, which were maintained at different temperatures by a microprocessor-

based controller (TEC-1122-SV, Meerstetter Engineering GmbH, Switzerland), as schemati-

cally shown in Figure 3.1. The temperature controller utilized a DC power supply (Tektronix

Inc, USA, 0-32 V, 6A). A thin copper plate of 0.4 mm thickness was mounted between the

glass slide and the Peltier cooler using thermal paste. An aluminum block with fins served

as a heat sink beneath the Peltier coolers. A similar approach was employed by Pradhan

and Panigrahi [121]. An actual photograph of the experimental setup is shown in Figure

3.2.

We calculated the Soret coefficient (ST ) for polystyrene beads in a water solvent case,

where ST is defined as the ratio of the thermal diffusion coefficient (DT ) to the mass dif-

fusion coefficient (DM ) [128–130]. The thermal diffusion coefficient (DT ) is given by the

following expression [130],

DT =
2β0A131

9πµd
(3.1)

whereβ0, A131,µ, d are thermal expansion coefficient of the solvent (210 x 10−6 1/K), Hamaker

constant between the particles in the solvent (1.0 x 10−20 J), dynamic viscosity of the solvent
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Figure 3.1: Schematic of the experimental setup used in the present study. Two Peltier cool-
ers were used to impose a thermal gradient on the substrate. Infrared thermography and
high-speed visualization were employed to map the temperature field on the liquid-gas
interface and to record time-varying droplet shapes during the evaporation.

Figure 3.2: Photograph of the experimental setup
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(8.9 x 10−4 Pa-s), and the particles diameter, respectively. The mass diffusion coefficient

(DM ) is given by the Stokes-Einstein equation [8, 130] as follows,

DM =
kB T

3πµd
(3.2)

where kB , and T are Boltzmann constant (1.38 x 10−23 m2.kg/s2K) and temperature, respec-

tively. The calculated ST for the particles diameter [0.1 – 3.0] µm, lies in the order of 10−4,

which is considered negligible [131] and therefore, Soret effect is excluded in the present

measurements.

3.4.3 Thermal imaging

The temperature field on the top of the substrate was measured using an infrared (IR) cam-

era (A6703sc, FLIR Systems Inc.), with a 25 mm (f/2.5) IR lens (Figure 3.1 and Figure 3.2).

For the droplet, the measured temperature is at the liquid-gas interface temperature since

water is generally opaque to the infrared radiation. The working distance, pixel resolution,

and fps of the IR camera were 22 cm, 15.3 µm per pixel and 50, respectively. The emissivity

of water and glass were taken as 0.97 and 0.95, respectively, for the estimation of the tem-

perature field by IR camera. In an earlier work of our lab group using same infrared camera,

Patil et al. [20] have calibrated the infrared (IR) camera (same as used in the present exper-

iments) through comparing the measured temperature from IR camera (TI R c a me r a ) with

calibrated K-type Chromel-Alumel thermocouples measurements (Ta c t ua l ) for the temper-

ature range from 25 to 95◦C. Ta c t ua l was measured using a multimeter. Figure 3.3 shows

the infrared camera calibration equations and graph for water (ε = 0.97), glass (ε = 0.95)

and wet-oxidized silicon surfaces (ε = 0.78). The uncertainty in the temperature measured

through the infrared camera is around ±0.6◦C.

Three cases of the temperature gradient (dT /dX ) prescribed on the surface were con-

sidered. The lower temperature (TL ) was maintained at 25◦C, and the larger temperature

(TH ) was maintained at either 60, 50, or 40◦C to obtain dT /dX = 4.2, 2.8, or 1.7◦C/mm, re-

spectively. Measured isotherms on the surface are shown for these three cases in Figure 3.4

(a-c). The temperature profiles along X at Y = 3 mm are plotted in Figure 3.4 (d), along

with their linear fits (R 2 ∼ 0.97). The temperature field obtained from the IR camera was

interpolated along X at Y = 3 mm using Tecplot®. This software uses bilinear interpola-

tion to get the data along a line. The temperature data points were linearly fitted based on

the least square based method using Microsoft Excel software. The R-squared value of the

fitted regression line was 0.97, which determines the goodness of the fit. Then the slopes

of the linear fits were obtained as 4.2, 2.7 and 1.7, which were taken as the temperature

gradient value. The droplet was placed approximately at (X , Y ) = (3 mm, 3 mm) and the
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Figure 3.3: Infrared camera calibration graph for water, glass and silicon surface temper-
atures measurements. Reprinted (adapted) with permission from (Patil et al. [20]). Copy-
right (2016) American Chemical Society.
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dT /dX 1.7◦C/mm 2.8◦C/mm 4.2◦C/mm
d θi θr e c θi θr e c θi θr e c

0.1 µm 24◦ 10◦ 22◦ 10◦ 19◦ 11◦

1.1 µm 21◦ 9◦ 23◦ 8◦ 26◦ 8◦

3.0 µm 38◦ 7◦ 41◦ 7◦ 42◦ 5◦

Table 3.1: Measured initial static (θi ) and receding (θr e c ) contact angles (in degrees) for
different cases of particles diameter (d ) and temperature gradient (dT /dX ). The particles
concentration is fixed at c = 0.1 %v/v. The uncertainty in these measurements is around
±2-3◦.

approximate temperature at this location before the droplet deposition was around 36, 45,

and 51◦C for dT /dX = 4.2, 2.8, or 1.7◦C/mm, respectively. The substrate was also uniformly

heated at Ts = 60◦C using a digital controlled hot plate (15956-32, Cole-Parmer Inc, India),

to act as a control.

3.4.4 Side-visualization and optical microscopy

During the experiments, the side view of the sessile droplet was visualized again using a

camera (IDT Inc., MotionPro, Y-3 classic) and long-distance working objective (Qioptiq

Inc.), with a white LED lamp acting as a backlight source, as shown in Figure 3.1 and Figure

3.2. The working distance and magnification of the camera corresponded to 9.5 cm, and

14 µm per pixel, respectively, and the videos were recorded at 10 frames per second (fps).

Dried patterns were visualized from the top by an optical microscope (Olympus BX53F, with

a magnification of 4X to 40X) for the zoomed-in view.

The initial static and the receding contact angles for different cases of dT /dX and par-

ticle diameter (d ) were measured from the images of the side view, assuming droplet shape

as a spherical cap and are listed in Table 3.1. The spherical cap assumption is justified since

the wetted radius is smaller than the capillary length of water and the imposed temperature

gradient does not deform the liquid-gas interface, as confirmed from the side visualization

of the evaporating droplet. While the measured angles do not show significant variation

with dT /dX , there is a slight increase in the angles as the particle size (d ) increases. This

data is consistent with our previous work in Chapter 2 in which a weak dependence of the

static contact angle on the particle size was reported for a droplet of aqueous colloidal sus-

pension on a non-heated glass. All experiments were performed three times to ensure re-

peatability. The ambient temperature and the relative humidity were 25± 2◦C and 35± 5%,

respectively.

In order to verify the evaporation characteristics on a non-uniformly heated substarte,

the evaporation behaviour of a 1.1 ± 0.3 µL pure water droplet on a glass substrate with

dT /dX = 4.2◦C/mm is investigated. The droplet was placed roughly at X = 3 mm (Figure
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Figure 3.4: Isotherms plotted for different cases of imposed temperature gradient (a) dT/dX
= 1.7◦C/mm (b) dT/dX = 2.8◦C/mm (c) dT/dX = 4.2◦C/mm. The dotted circle shows ap-
proximate deposition location of the droplet. (d) The temperature along X at Y = 3 mm is
plotted for the three cases. Linear fits to the measured data are shown with R2 values.
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3.4 (d)). The initial values of the wetted diameter, droplet height, and contact angle were

2.83 mm, 0.4 mm, and 31.6◦, respectively, as measured from the side view image shown

in Figure 3.5(a). From the IR camera thermography images, the high temperature and low

temperature at the ends of the droplet were measured as 57◦C, and 44◦C, respectively, hence

the actual temperature difference between the two ends of the droplet was 13◦C. Also, the

evaporation of the pure water droplet was studied on a glass substrate at constant temper-

ature cases of 57 and 44◦C, and the average temperature of 57 and 44◦C that is 50◦C. The

time-varying droplet volume is plotted in Figure 3.5 (b) for each of these cases. The largest

evaporation time is 140 s (Ts = 44◦C), and the shortest is 60 s (Ts = 57◦C). Most interest-

ingly, an evaporation time of 90 s results from both the temperature gradient case (dT /dX

= 4.2◦C/mm) and the constant temperature case at the average temperature across this

gradient (50◦C).

3.5 A Mechanistic model for the depinning of the contact

line

A first-order model, developed in previous studies [21, 127, 132, 133], is utilized to predict

depinning or pinning of the contact line against the present measurements. The model

accounts for the several forces acting on the particles stacked near the contact line, shown

in a schematic in Figure 3.6. The surface tension force (Fs ) acting on the particle near to

contact line and touching the liquid-gas interface pulls the particle away from the contact

line while drag force (Fd ) push them towards the contact line. The normal forces (Fa ) act-

ing on the particles are van der Waals and electrostatic forces. Here, gravity is ignored for

neutrally buoyant polystyrene particles. The expressions of these forces are given in the

following subsections.

Surface tension force

The surface tension force acting on the outermost particle at the contact line is given

by the following relation [21, 134],

Fs =πdγLG c o sφ (3.3)

where d , γLG , andφ are the particles diameter, liquid-gas surface tension, and angle of the

liquid layer covering the outermost particle at the contact line, respectively.

van der Waals force

The van der Waals force between the particles and substrate in the fluid medium is given
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Figure 3.5: Side view image of an evaporating pure water droplet of 1.1± 0.2 µL at t = 0
sec. (b) Change in the volume of the 1.1 µL pure water droplet with evaporation on the
substrate at different temperature conditions.
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Figure 3.6: Schematic of particles stacked near the contact line and different forces acting
on them. Surface tension force pulls the outermost particle inward while drag force pushes
all particles outward towards the contact line. Adhesion force (van der Waals force) resist
the motion of the particles. Adapted from Ref. [21], Copyright, 2017, Springer Nature and
reproduced from Ref. [7], Copyright, 2018, American Chemical Society.

by the following relation [127, 135],

Fw p s =
2A123(d /2)

3

3z 2(z +d )2
(3.4)

where A123 and z are the Hamaker constant for the polystyrene particles and glass in water,

and particle-substrate minimum separation distance, respectively.

Electrostatic force

The electrostatic force between the particles and substrate in the fluid medium is given

by the following relation [127, 133],

Fe p s =−πd εk
φ1

2+φ2
2−2φ1φ2e x p (k z )

e x p (2k z )−1
(3.5)

where ε, k ,φ1, andφ2 are permittivity of water, reciprocal of the Debye length, the surface

potential of polystyrene, and surface potential of glass, respectively.

Drag force

The drag force experienced by the particles in an evaporating droplet is given by the

following relation [8, 132],

Fd = 3πdµvr a d (3.6)

where µ and vr a d are dynamic viscosity of water and velocity of water in an evaporating

droplet, respectively.

The total adhesion force (Fa 1) on the outer most particle of the contact line is Fa 1 =

Fw p s 1 + Fe p s 1 + Fs c o sθr e c , and the total adhesion force (Fa 2) on the penultimate particle
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Symbols Physical parameter Value Unit
A123 Hamaker constant for the polystyrene

particles and glass in water
3x10−20 [127, 133] J

d Polystyrene particles diameter 0.1, 1.1, 3.0 µm
z Particle-substrate minimum separa-

tion distance
0.4x10−9 [127, 133] m

ε Permittivity of water 7x10−10 Fm−1

k Reciprocal of the Debye length (430x10−9)−1[127, 133] m−1

φ1 Surface potential of polystyrene 15 [127, 133] mV
φ2 Surface potential of glass -40 [127, 133] mV
µ Dynamic viscosity of water 0.001 Pa-s
γLG Surface tension of water 0.072 Nm−1

vr a d Velocity of water in a evaporating
droplet

7.33x10−7 [20] m/s

π−2φ Angle of liquid layer covering the outer-
most particle at the contact line

89 degrees

n Number of particles stacked at the con-
tact line (based on optical microscopy
measurements in the present work)

10

f Friction coefficient between the parti-
cles and the substrate in liquid medium

0.1 [7]

Table 3.2: Values of the parameters used in calculations of forces acting on the particles.

to the contact line is Fa 2 = Fw p s 2 + Fe p s 2. Therefore the total adhesion force (Fa ) is given

Fs c o sθr e c + n Fa , where n is the number of particles stacked at the contact line. vr a d is

the evaporative driven flow velocity, which scales as Jma x/ρL [8], where Jma x is the maxi-

mum evaporative flux near the contact line and ρL is droplet density. All the parameters

are defined in Table 3.2.

The dimensionless net force (∆F ∗) acting on the outermost particle along the inward

horizontal direction is given by [7, 21, 127, 132, 133],

∆F ∗ =
1

γLG d
[Fs s i nθr e c − [ f (Fs c o sθr e c +n Fa ) +n Fd ]] (3.7)

The sign on the net force determines if the contact line pins (∆F ∗ < 0) or depins (∆F ∗ >

0). The values of the parameters required for the calculation of the forces are taken from

previous studies [7, 127] and are provided in the Table 3.2. The measured values of the

receding angles (θr e c ) for different cases of the temperature gradient (dT /dX ) and particles

size (d ) are listed in Table 3.2.
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3.6 Results and discussion

Results are presented for the evaporation of 1.0±0.3µL water droplet containing polystyrene

particles on a hydrophilic glass substrate for different cases of particle diameter (d = 0.1,

1.1, and 3.0µm) and concentration (c = 0.05, 0.1, 0.5 %v/v). The hydrophilic glass substrate

is maintained at a uniform temperature (Ts = 25 and 60◦C) and a non-uniform temperature

with three cases of the temperature gradient, (dT /dX = 1.7, 2.8, and 4.2◦C/mm).

3.6.1 Non-heated or heated substrate at a uniform temperature

3.6.1.1 Effect of particles size and substrate heating

Optical microscopy images of deposition patterns on the substrate at Ts =25, and 60◦C, with

three cases of particle diameter, d = 0.1, 1.1, and 3.0µm are shown in Figure 3.7. The parti-

cle concentration was fixed at, c = 0.1 %v/v and the patterns for each case are presented for

two runs. All patterns exhibit a ring-like deposit and coupled transport phenomena during

the formation of the ring is well-documented in the literature [37, 38]. The corresponding

ring profiles measured using optical profilometer for the first run at Ts = 25◦C is shown in

Figure 3.8 (a). The ring profiles plotted on both the left and right sides of the ring are almost

similar, and the profiles resemble a partial torus-like shape. The measured cross-section

of the ring is consistent with our previous study [136]. Zoomed-in views of the two sides

plotted in Figure 3.7 (a) are qualitatively consistent with the measured profiles. The ring

dimensions (width and height) are almost on the same order on the two sides. Cracks in

the ring at d = 0.1 µm (Figure 3.7 (a)) were recorded but not in case of d = 1.1, and 3.0

µm. As discussed in Refs. [6, 70, 93, 98] the cracks are formed at the final drying stage of

the droplet when the receding liquid tries to shrink the ring whereas the pinned particles

obstruct such shrinkage. This results in stress inside the deposit and consequently induces

cracks, explained in details in our previous work [136]. A bilayer of particles form in cases

of d = 1.1, and 3.0 µm since the ring height is almost double the particle diameter.

At Ts = 60◦C, the deposit patterns and the measured profiles are plotted in Figure 3.7

(b) and Figure 3.8 (b), respectively. The profiles show that the ring gets thinner in this case,

and the deposit patterns show the presence of an inner deposit in this case. The ring width

decreases by 86, 17, and 25 %, for d = 0.1, 1.1, and 3.0 µm, respectively. At d = 0.1 µm, an

asymmetric inner deposit forms while at d =1.1, and 3.0µm, the inner deposit is symmetric

with respect to the ring.

3.6.1.2 Mechanism of formation of the deposits

At Ts =25◦C, the evaporation-induced flow inside the droplet is radially outward, owing

to the largest evaporation flux near the contact line, shown schematically in Figure 3.9(a).
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Figure 3.7: Deposit patterns obtained after evaporation of 1 µL droplet containing
polystyrene particles of different particles sizes (d ), keeping particles concentration con-
stant as, c = 0.1 %v/v on a substrate with an imposed constant temperature of (a) Ts = 25◦C
(b) Ts = 60◦C. Zoom-in view of the rings on the left and right side are also shown for each
case.
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Figure 3.8: Ring profiles measured using an optical profilometer on both the left and right
side and plotted for different cases of substrate with an imposed constant temperature of
(a) Ts = 25◦C (b) Ts = 60◦C for different particles sizes (d = 0.1, 1.1, 3.0µm) at concentration,
c = 0.1 %v/v. X represents the radial position in the deposit (shown as the inset) and X =
0 is the ring periphery on both the left and right side.
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The arrows normal to the interface represent the flux. Thus, the advection of the particles

leads to the formation of the ring, as explained earlier by Deegan et al. [37]. In case of the

substrate heating (Ts =60◦C), despite a heat loss by the latent heat of evaporation near the

contact line, thermal energy is readily available from the substrate in this region, as dis-

cussed by Ristenpart et al. [106]. Since a thermal conduction resistance exists across the

droplet thickness, the temperature on the liquid-gas interface near droplet apex is lesser

than near the contact line. Due to these two factors, a thermal gradient appears across the

liquid-gas interface. Consequently, it results in a surface tension gradient and a thermal

Marangoni flow exists at the liquid-gas interface whose direction is from the contact line to

the droplet apex [9, 20, 49]. Along with radially outward flow (bulk flow), it leads to an ax-

isymmetric Marangoni recirculation inside the droplet that advects particles towards the

inner region, as shown in Figure 3.9(b). The arrows on the liquid-gas interface in Figure

3.9(b) represent the variation of evaporation mass flux on a heated substrate, reported in

Ref. [97]. The outward radial flow and the inward Marangoni flow, which are opposite in di-

rection to each other, create a stagnation region near the contact line, shown schematically

in Figure 3.9(b). The existence of such a stagnation region was reported in Refs. [9, 20, 49].

Due to the curvature of the liquid-gas interface and the outward radial flow, some parti-

cles get deposited in the stagnation region, forming the outer ring [9, 20], while most of the

particles are advected inward, due to the Marangoni recirculation. Therefore, the deposit,

in the heated substrate case, is a thinner ring along with an inner deposit. The thinning

of the ring occurs due to advection of particles towards the center of the droplet by the in-

ward Marangoni flow. At d = 0.1 µm, the non-axisymmetric inner deposit is formed due

to early depinning of the contact line with a stick-slip motion from random direction and

the particles are dumped asymmetrically in the wetted area during the final dry out stage

of evaporation. While at d = 1.1, and 3.0 µm, the contact line is pinned throughout the

evaporation, and the inward advection of the particles due to the Marangoni recirculation

forms a ring-like axisymmetric inner deposit.

3.6.2 Heated substrate at a non-uniform temperature

Figure 3.10 (a), (b), and (c) show dried patterns of the deposit obtained by optical mi-

croscopy for the particle size of d = 0.1, 1.1, and 3.0 µm, respectively, with particles con-

centration of 0.1%. Two runs are shown for each case, and the columns represent different

cases of dT /dX = 1.7, 2.8, and 4.2◦C/mm and the left and right side of each case was at

lower (TL ) and higher temperature (TH ), respectively. The zoom-in views of the ring on the

TL and TH sides are shown for each case in Figure 3.10. The corresponding ring profiles

measured using optical profilometer for the first run for d = 0.1, 1.1, and 3.0 µm for the

different dT /dX are plotted in Figure 3.11 (a), (b), and (c), respectively.
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Figure 3.9: Mechanism of the deposit formation for a uniform temperature substrate (a)
Non-heated (Ts = 25◦C). The arrows on the liquid-gas interface represent non-uniform,
axisymmetric evaporation mass flux on the liquid-gas interface. A radial outward bulk flow
advects particles to form a ring-like deposit. (b) Uniformly heated substrate (Ts = 60◦C). An
axisymmetric Marangoni recirculation develops due to themocapillary flow and radial flow
in the bulk. In the case of smaller particles, the contact line depins from a random direction
and shows the signature of stick-slip motion while for the bigger particles the contact line
remains pinned. The depinning occurs if the surface tension force on the particle at the
contact line overwhelms the combined friction force between the particles and substrate
and hydrodynamic drag force.
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For d = 0.1 µm, the ring width is wider on the TL side as compared to the TH side for all

the cases of dT /dX as observed qualitatively in Figure 3.10 (a) and quantitatively in Figure

3.11 (a). With an increase in dT /dX , the ring width on the TL side increases from 50 µm

to 76 µm, whereas the ring width on the TH side decreases from 44 µm to 8 µm. The ring

heights are also larger on the TL side as compared to the TH side and increase with the

increase in the dT /dX . Thus, the mass of particles is smaller on TH side as compared to

that on the TL side. Cracks on the ring were also recorded in this case, as seen earlier in case

of the uniformly non-heated or heated substrate.

In contrast, for d = 1.1, and 3.0 µm, the ring width is wider on the TH side as compared

to the TL side for all cases of dT /dX as observed qualitatively in Figure 3.10 (b), and (c),

and quantitatively in Figure 3.11 (b), and (c), respectively. In general, the ring width shows

a slight increase and decrease for TH and TL side, respectively, with an increase in dT /dX .

The ring height remains almost same for d = 1.1 µm with an increase in dT /dX while it

increases for 3.0 µm. For d = 1.1 µm, the ring widths on the TL side decreases from 30 µm

to 20 µm. For d = 3.0 µm, with the increase in the dT /dX , the ring widths on the TL side

decreases from 50 µm to 40 µm. The ring widths on the TH side increases from 70 µm at

dT /dX = 1.7◦C/mm and goes beyond 90 µm for dT /dX = 2.8, and 4.2◦C/mm. The ring

heights on the TH side for dT /dX = 1.7, and 2.8◦C/mm are around 6 µm and increase to

9 µm with an increase in dT /dX to 4.2◦C/mm. Overall, with the increase in dT /dX , the

mass of particles in the ring is larger on the TH side as compared to that on the TL side. The

ring-like axisymmetric inner deposit was also recorded for d = 1.1 µm with the intensity of

the inner deposit larger towards the TH side, as observed qualitatively in Figure 3.10 (b).

The effect of particles concentration (c ) is also reported at temperature gradient, dT /dX

= 4.2◦C/mm and for the cases, c = 0.05, and 0.5 %v/v. Figure 3.12 (a) and (b) shows the de-

position pattern at d = 0.1 and 1.1 µm, respectively. The case for c = 0.1 %v/v is already

shown in Figure 3.10 (a) at dT /dX = 4.2◦C/mm. For all cases of c , the ring widths are ob-

served to be larger on the TL side as compared to the TH side for d = 0.1 µm. And for d

= 1.1 µm, the ring widths are observed to be larger on the TH side as compared to the TL

side for all cases of c . The ring width on the TH side increases with increase in the particles

concentration. For d = 0.1 µm, there are no cracks observed on the TH side of the ring for

c = 0.05 %v/v. However, at c = 0.1 and 0.5 %v/v, cracks are observed, which are aligned

towards the inner side of the ring.

3.6.2.1 Effect of particle size and temperature gradient on contact line motion

Time-varying droplet shapes recorded using side visualization at dT /dX = 4.2◦C/mm for d

= 0.1, 1.1 and 3.0µm are plotted in Figure 3.13. In order to quantify the contact line motion

in these measurements, the displacements of the contact line from low (TL ) and high (TH )

temperature sides are denoted as XL and XH , respectively, and are schematically shown in
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Figure 3.10: Deposit patterns obtained after evaporation of 1 µL droplet containing
polystyrene particles of diameter, (a) d = 0.1 µm, (b) d = 1.1 µm, and (c) d = 3.0 µm and
concentration, c = 0.1 %v/v on a substrate with an imposed temperature gradient, dT /dX
= [1.7, 2.8, 4.2] ◦C/mm. Two runs are shown in different rows. TL and TH represent the lower
and higher temperature side of the substrate, respectively.
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Figure 3.11: Ring profiles measured using an optical profilometer on both the TL and TH

side and plotted for different cases of particles size (a) d = 0.1 µm (b) d = 1.1 µm (c) d =
3.0 µm) at concentrations, c = 0.1 % v/v when substrate is imposed with the temperature
gradients (dT /dX = 1.7, 2.8, 4.2◦C/mm). TL and TH represent the lower and higher tem-
perature side of the substrate, respectively. X represents the radial position in the deposit
(shown as the inset) and X = 0 is the ring periphery on both the TL and TH side.
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Figure 3.12: Deposit patterns obtained after evaporation of 1 µL droplet containing
polystyrene particles of diameter, (a) d = 0.1 µm, and (b) d = 1.1 µm with concentrations,
of c = 0.05, and 0.5 %v/v on a substrate with an imposed temperature gradient of dT /dX
= 4.2◦C/mm.

Figure 3.14(a).

The contact line displacements for the three cases of particles size are compared in Fig-

ure 3.14(b) at dT /dX = 4.2◦C/mm. The contact line on TH side depins after 25 s for d = 0.1

µm, as seen by the graph of XH (red stars). The contact line at the TL side is pinned for the

maximum time of evaporation, as shown by the graph of XL (blue stars) in Figure 3.14(b).

These trends are qualitatively confirmed in Figure 3.13(a). The jump in the contact line

position from the TH side, corresponding to the depinning, is observed at around 40 s. The

contact line exhibits stick-slip motion after this time. By contrast, in the cases of d = 1.1

and 3.0 µm, the contact line remains pinned (see graphs of XL (blue squares and circles)

and XH (red squares and circles)) for the maximum time during the evaporation and de-

pins at around 70 s towards the end of evaporation (observed in Figure 3.13(b), and (c) and

Figure 3.14 (b)).

In Figure 3.14(c) for dT /dX = 2.8◦C/mm and Figure 3.14(d) for dT /dX = 1.7◦C/mm,

similar trends of the contact line motion are noted for the three particle sizes considered,

as discussed above for dT /dX = 4.2◦C/mm. The contact line depins at around 80 s in case

of dT /dX = 2.8◦C/mm for d = 0.1 µm particles, as plotted in Figure 3.14(c). Whereas, the

contact line motion for dT /dX = 1.7◦C/mm for d = 0.1 µm is comparatively smoother in

Figure 3.14(d). This is attributed to a slower evaporation in 1.7◦C/mm case as compared to
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Figure 3.13: Time-sequence of the images obtained by side-visualization during the evapo-
ration of a microliter colloidal suspension on a glass substrate, imposed with a temperature
gradient of, dT /dX = 4.2◦C/mm. A horizontal blue line in all frames represents the solid-
gas or liquid-solid interface. TL and TH represent the lower and higher temperature side of
the substrate, respectively. Three cases of particle sizes are plotted (a) d = 0.1 µm, (b) d =
1.1 µm, and (c) d = 3.0 µm.

2.8◦C/mm and 4.2◦C/mm cases and the total evaporation time is 28% and 43% shorter, re-

spectively. The contact line remains pinned for most of the evaporation for larger particles

in cases of dT /dX = 2.8◦C/mm as well as dT /dX = 1.7◦C/mm, as shown in Figure 3.14(c)

and Figure 3.14(d), respectively.

3.6.2.2 Effect of contact line depinning on the deposits

As discussed in the above section, the contact line depins in case of d = 0.1 µm particles

from the hot side of the substrate (TH ). The deposit patterns obtained for two cases of the

temperature gradient, dT /dX = 4.2◦C/mm and 2.8◦C/mm are shown in Figure 3.15(a) and

(b), respectively. The insets in Figure 3.15 show a zoomed-in view of the deposit on TL side,
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Figure 3.14: Time-variation of the displacements of the contact line from lower (TL ) and
higher temperature (TH ) sides of the substrate. XL (blue symbols) and XH (red symbols)
denote the displacements from TL and TH sides, respectively, as schematically shown in
(a). Three cases of dT /dX are plotted (b) 1.7◦C/mm (c) 2.8◦C/mm and (d) 4.2◦C/mm. In
each frame, the displacements, XL and XH , are compared for three different particles sizes.
For d = 0.1 µm, depinning of contact line occurs from TH (red color) side in all cases of
dT /dX , leading to the stick-slip motion of the contact line. For d = 1.1, and 3.0 µm, the
contact line is pinned for the maximum duration of the evaporation.
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top side and TH side. As discussed earlier, the deposits in both cases exhibit a smaller ring

thickness at TH side while a larger ring thickness at TL side. Multiple thin lines of the de-

posits are observed in the microscopic images of the inner region of the deposit, as shown

in the insets of Figure 3.15(a) and (b). These thin lines are the signatures of the stick-slip

motion of the contact line, that depins from TH side for d = 0.1 µm particles, as discussed

earlier in above section. Some large structures of the deposits in the insets of Figure 3.15

(TL side) are noted. These are the signatures of the dewetting and drying out of a residual

thin liquid film containing particles on the substrate. These particles do not get advected

towards the pinned or depinned contact line during the evaporation and remain trapped

in the liquid film until at the end of the evaporation.

3.6.2.3 Mechanism of formation of the deposits

The preferential deposition of the particles on either TH or TL side with particle size and

dT /dX is explained as follows. The unidirectional temperature gradient on the substrate

creates a temperature gradient on the liquid-gas interface. The temperature near the con-

tact line region of TH side is larger as compared to the TL side, as expected. The measured

temperature field on the evaporating droplet (as shown in Figure 3.16) verifies the temper-

ature gradient on the liquid-gas interface. The gradient causes thermocapillary Marangoni

(interfacial) flow along the interface whose direction is from TH side to TL side. The non-

uniform evaporation mass flux on the interface induces flow from TL side to TH side. This

results in twin Marangoni recirculations in two equal halves of the droplet that are sepa-

rated by a plane aligning along the direction of the imposed temperature gradient. The flow

in this plane is schematically shown in Figure 3.17. Such twin recirculations in a pure water

droplet on a non-uniformly heated substrate was measured by PIV technique in Ref. [121].

The two characteristics flows (bulk and interfacial) create stagnation regions on both TH

and TL side contact line where the advected particles get trapped. The existence of a stag-

nation region on a uniformly heated substrate has been explained earlier. However, the

size of the stagnation region on the two sides is not the same on a non-uniform heated

substrate. Owing to the larger evaporation flux on TH side, the flow towards the TH side

would be stronger, creating a larger stagnation region on the TH side as compared to that

on the TL side. At d = 0.1 µm, the depinning of the contact line occurs from the TH side

leading to the stick-slip motion of the contact line towards to TH side, which advects par-

ticles from TH to TL side and thereby increases the ring dimensions on the TL side (Figure

3.17). However, at d = 1.1 and 3.0 µm, the contact line is pinned for the maximum time of

the evaporation, and a larger number of particles are deposited on the TH side in the larger

stagnation region, as shown in Figure 3.17.

In order to explain the depinning and pinning of the contact line in case of smaller and

larger particles, respectively, a mechanistic model (section 3.5) is employed. The dimen-
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Figure 3.15: Deposit patterns obtained after evaporation of 1 µL droplet containing
polystyrene particles of diameter, d = 0.1 µm, and concentration, c = 0.1 %v/v on a sub-
strate with an imposed temperature gradients of (a) dT /dX = 4.2◦C/mm, and (b) dT /dX
= 2.8◦C/mm. The zoom-in figures are shown for three sides (TL , Top, and TH side) of the
pattern. The patterns in the inset show the signature of the stick-slip motion of the contact
line that depins from the hot side (TH ).
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Figure 3.16: Infrared thermography showing instantaneous isotherms on the droplet sur-
face at dT /dX = 4.2◦C/mm on the substrate for different particle sizes at concentration of
c = 0.1 %v/v
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Figure 3.17: Mechanism of the deposit formation for a non-uniformly heated substrate for
smaller (d = 0.1 µm) and larger particles (d = 1.1 and 3.0 µm). TL and TH represent the
lower and higher temperature side of the substrate, respectively. The arrows on the liquid-
gas interface represent non-uniform and asymmetric evaporation mass flux. The flux is
larger on the hotter side due to non-uniform heating of the substrate. The unidirectional
temperature gradient on the substrate creates a temperature gradient on the liquid-gas
interface leading to the thermocapillary Marangoni (interfacial) flow from TH side to TL

side. The non-uniform flux together with the Marangoni flow on the liquid-gas interface
induces bulk liquid flow from TL side to TH side that eventually develops as twin asym-
metric Marangoni recirculations inside the droplet. In the case of smaller particles, the
contact line depins from the hot side and shows the signature of stick-slip motion while for
the larger particles the contact line remains pinned. Consequently, the final deposit has a
larger ring thickness on the cold side for the smaller particles while a larger ring thickness
results on the hot side for the larger particles.
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Figure 3.18: Dimensionless net force (∆F ∗) in the inward horizontal direction acting on the
particles stacked at the contact line is plotted as a function of particles size (d ). Different
cases of temperature gradients imposed on the substrate (dT /dX ) are compared. Sign on
the net force determines if the contact line pins (∆F ∗ < 0) or depins (∆F ∗ > 0).

sionless net force (∆F ∗) acting in the inward horizontal direction on the particle nearest

to the contact line (eq. 3.7) is plotted as a function of particles size in Figure 3.18 for dif-

ferent cases of dT /dX imposed on the substrate. It can be noted that for smaller particles

(d = 0.1 µm),∆F ∗ > 0, i.e., contact line depins for all cases of dT /dX , which signifies that

the surface tension force overcomes the friction and drag forces together. By contrast, for

larger particles (d = 1.1 and 3.0 µm),∆F ∗ < 0, i.e. contact line pins for all cases of dT /dX ,

implying that the surface tension forces do not overcome the friction and drag forces. In

case of the smaller particles, the depinning occurs on the hot side since a larger intensity of

the Marangoni flow advects particles from the hot side to the inner region and the number

of particles stacked near the contact line is smaller on the hot side as compared to that on

the cold side. Eq. 3.7 shows that for a smaller number of stacked particles (n), ∆F ∗ > 0 or

vice-versa. Overall, the model predictions are consistent with the measurements and this

mechanistic model helps to explain the measurements.

3.6.2.4 Regime map

Finally, a regime map is plotted to classify the deposition patterns on a particles size (d ) -

temperature gradient (dT /dX ) plane in Figure 3.19. At dT /dX = 0, i.e. if the substrate is
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non-heated or heated uniformly, the ring width is uniform. Thus, the first regime is called

as uni f o r m r i ng w i d t h . With an increase in the dT /dX , the ring width gets thicker on

the TL and TH side for smaller and larger particles, respectively. The dashed lines demar-

cate the three regimes qualitatively, as shown in Figure 3.19. Our measurements show that

for the evaporation on a non-uniformly heated substrate, there exists a critical dT /dX at

which ring width becomes non-uniform. Beyond this dT /dX , there also exists a critical

particle size below which the contact line depins from the TH side and stick-slip motion

occur, which advects the particles towards the TL side. Since the ring width is larger on the

TL side, this regime is t hi c k e r r i ng o n l o w e r t e mp e r a t u r e s i d e . For the larger par-

ticles, the contact line is pinned and a larger number of particles deposit on the TH side due

to the asymmetric Marangoni recirculation. This results in a larger ring width on TH side

and this regime is t hi c k e r r i ng o n hi g he r t e mp e r a t u r e s i d e .

3.7 Closure

The deposit profile and pattern obtained after the evaporation of a sessile water droplet

containing polystyrene colloidal particles on a non-uniformly heated glass substrate is stud-

ied. The effect of the temperature gradient and particles size on the deposit pattern and

ring dimensions were investigated. The time-varying droplet shapes from the side and the

temperature of the liquid-gas interface from the top were recorded using high-speed visual-

ization and infrared thermography, respectively. The dried patterns were visualized under

an optical microscope and quantified using an optical profilometer. The following temper-

ature gradients were imposed across the substrate - dT /dX = 1.7, 2.8, and 4.2◦C/mm, and

the particles diameter considered were as follows - d = 0.1, 1.1, and 3.0 µm.

On the uniformly heated substrate, thinning of the ring with substrate temperature is

recorded, which is attributed to an increase in axisymmetric Marangoni recirculation with

the substrate temperature. On the non-uniformly heated substrate, the ring dimensions

are smaller and larger on higher temperature side (TH ) for a smaller particle (d = 0.1 µm),

and the larger particles (d = 1.1 and 3.0µm), respectively. The displacement of the contact

line on the TH and TL side reveals that at d = 0.1 µm, the contact line depins early from the

TH side leading to the stick-slip motion of the contact line and twin asymmetric Marangoni

recirculations advect more particles towards the TL side. However, at d = 1.1, and 3.0 µm,

the contact line remains pinned on both the sides for a maximum duration of evaporation.

The pinned contact line and the twin asymmetric Marangoni recirculations aid in trapping

the particles in the larger stagnation region on the TH side contact line. Consequently, the

ring width is larger on the TH side in this case. The variation of the temperature gradient

across the substrate shows that the ring width significantly increases or decreases on TH

or TL side, depending on the particle size. This can be attributed to a stronger Marangoni
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Figure 3.19: Regime map classifying the different deposition patterns obtained as a func-
tion of particles size (d ) and temperature gradient (dT /dX ) imposed on the substrate. The
dashed lines are plotted to demarcate the regimes. Insets corresponding to the different
regimes are also shown with scale bars. Three regimes are found, namely, uniform ring
width, thicker ring on lower temperature side and thicker ring on higher temperature side.
The first regime, i.e. coffee-ring effect is well-established in the literature while the regimes
with non-uniform ring width are the contribution of the present work. The second regime
is explained by asymmetric Marangoni recirculation inside the evaporating droplet and
contact line depinning in the presence of the smaller particles. The third regime is the re-
sult of the recirculation and the contact line pinning with the larger particles
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recirculation as the temperature gradient increases.

A mechanistic model is utilized and it is found that the depinning in case of the smaller

particles occurs because the surface tension force on the particles stacked near the con-

tact line overcomes the drag and friction force on them. Finally, a regime map to classify

the deposition patterns on a temperature gradient - particles size plane is proposed. Three

regimes of deposit pattern are proposed. The first regime is uniform ring width i.e. well-

documented coffee-ring effect, corresponds to uniformly non-heated or uniformly heated

substrate. The second regime is thicker ring on lower temperature side, explained by asym-

metric, twin Marangoni recirculations inside the evaporating droplet and contact line de-

pinning in the presence of the smaller particles. The last and third regime is thicker ring

on higher temperature side, attributed to the twin Marangoni recirculation and the contact

line pinning with the bigger particles.
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Part II

Bouncing Droplets
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Chapter 4

Impact Dynamics of a Pure Aqueous

Droplet on Microgrooved Surfaces
1

In this chapter the impact dynamics of a microliter water droplet on a hydrophobic mi-

crogrooved surface is investigated experimentally. The surface is fabricated using photolithog-

raphy and high-speed visualization is employed to record the time-varying droplet shapes

in transverse as well as longitudinal direction. The effect of the pitch of the grooved surface

and Weber number on droplet dynamics and impact outcome are studied. At low pitch and

Weber number, the maximum droplet spreading is found to be greater in the longitudinal

direction than the transverse direction to the grooves and the outcome is no bouncing (NB).

At higher pitch or Weber number, the following outcomes are obtained - droplet completely

bounces off the surface (CB), bouncing occurs with droplet breakup (BDB) or no bouncing

due to Cassie to Wenzel wetting transition (NBW). BDB results in droplet breakup alongside

bouncing while NBW suppresses the bouncing. These outcomes are demarcated on Weber

number-dimensionless pitch plane and the proposed regime map suggests the existence of a

critical Weber number or pitch for the transition from one regime to the other.

1LK Malla, ND Patil, R Bhardwaj, A Neild, “Droplet Bouncing and Breakup during Impact on a Mi-
crogrooved Surface” L a ng m ui r , 33 (38), 9620-9631. https://pubs.acs.org/doi/abs/10.1021/acs.
langmuir.7b02183
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Graphical abstract: The impact dynamics of microliter water droplet on hydrophobic

microgrooved surfaces, fabricated using standard photolithography techniques and recorded

by high-speed visualization to study effect of the pitch of the microgrooved surface and the

impact velocity on the impact dynamics as well as on the droplet outcome.

4.1 Introduction

Microtextures on the substrates increase the surface roughness which aids in modifying the

contact angle [137] and renders these surfaces as hydrophobic/super-hydrophobic. The

impact of the droplet on a microtextured surface is more complex and in general, due to its

lower wettability, the droplet may bounce off the surface. The lower wettability is attributed

to the Cassie state, in which air is trapped beneath the droplet in the microtextures. If the

liquid penetrates the microtextures, leaving no air pockets, it is known as Wenzel state.

The penetration of the liquid is attributed to the lesser capillary pressure than the com-

bined hammer and dynamic pressure. In the following section, studies on micropillared

and microgrooved surfaces are reviewed.
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4.2 Literature review

4.2.1 Studies on isotropic micropillared surfaces

In the context of micropillared isotropic surfaces, Jung and Bhushan [138] reported the wet-

ting behavior of a droplet when it impacts micropatterned (cylindrical pillars) and nanopat-

terned surfaces. They performed a theoretical analysis to determine the transition criterion

from the Cassie state to the Wenzel wetting state by balancing the dynamic pressure and

the capillary pressure that acts on the droplet at the point of impact. Deng et al. [139]

studied the impact of the droplet over a textured surface with Si posts. They reported that

textures at a sub-100 nm scale are essential for a surface to be non-wetting. The effect of

the pitch of the pillars and impact velocity play a key role in determining the droplet fate.

For instance, bouncing and bouncing with partial penetration of liquid in the pillars as a

function of impact velocity was reported by Kwon and Lee [140].

Recently, Patil et al. [24] studied the effect of the pitch of the pillars and the effect of the

impact velocity on no bouncing, complete bouncing, and bouncing with droplet breakup

behavior of the droplet impact. Very recently, Liu et al. [15] observed “pancake bounc-

ing” of the droplet over a microconical pillared Cu surface at Weber number (W e ) > 14.1.

They reported that the diameter of the droplet at the bouncing stage is comparable to the

droplet diameter at maximum spreading. They also reported that the stored surface energy

due to the penetration of the liquid droplet into the high posts aids in the early upward lift

without much recoiling of the droplet. Frankiewicz and Attinger [36] reported the wetta-

bility characteristics of etched Cu surfaces with three tiers of roughness and compared the

droplet impact dynamics result on these surfaces with those on natural leaves of rice, bras-

sica, and lotus. They put forward the argument that in droplet impact on a hard surface,

liquid compressibility comes into effect in the penetration of the droplet liquid into the

roughness.

Liu and Kim [18] fabricated SiO2 surfaces that had microscale cylindrical posts with

vertical overhangs. They demonstrated that these double reentrant structures make the

surface superrepellent even to low surface tension liquids such as fluorinated solvents. Re-

garding Cassie to Wenzel wetting transition, previous studies showed that impact velocity

[141], equilibrium contact angle [142], the pitch of the pillars [24], wetted diameter [143],

the aspect ratio of the pillars [141], droplet volume [144] affect the wetting transition. The

transition may result from bouncing to no bouncing off the surface.

4.2.2 Studies on anisotropic microgrooved surfaces

The wetting characteristics of anisotropic, microgrooved surfaces with rectangular grooves

and ridges (Figure 4.1) has been reported extensively. These surfaces exhibit anisotropic
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Figure 4.1: Schematic of impact of a droplet of initial diameter D0 with impact velocity U0

on a microgrooved surface with rectangular ridges.

wetting, that is, the droplet spreads more in longitudinal direction (along the grooves) as

compared to that in transverse direction (normal to the grooves) as shown schematically in

Figure 4.2. Chen et al. [145] reported smaller equilibrium contact angle (θe q ) measured in

longitudinal direction than that in the transverse direction. Similar findings were reported

in Refs. [16] and [146] for wetting behavior of a periodic sub-micrometer-scale grooved sur-

face and two-level hierarchical structure consisting of grating patterns, respectively. Chung

et al. [147] reported anisotropic wetting on a microwrinkled surface and observed that the

droplet spreading or receding happened in a stick slip manner.

Kusumaatmaja et al. [148] employed sub-micrometer scale corrugated polyimide sur-

faces and found that the contact angle hysteresis is larger in the transverse direction than

that in the longitudinal direction. Yang et al. [149] reported the effect of the droplet vol-

ume on the anisotropic wetting behavior on the microgrooved surfaces. For a 1-microliter

droplet, the observed droplet water contact angles in both transverse and longitudinal di-

rection of grooves differ greatly from the contact angle that is established by the Cassie

model for a rough surface (around 25◦ greater in transverse direction and 50◦ lesser in lon-

gitudinal direction). Bliznyuk et al. [150] observed the equilibrium state of a water droplet

that was gently deposited on shallow grooved surfaces. They found that droplet spreading

in the longitudinal direction is more in the Wenzel state. Ma et al. [151] performed an ex-

perimental study of the anisotropic silicon carbide surface and found that the difference

between the contact angle in the transverse direction with that in the longitudinal direc-

tion, increases with increase in the ridge width when the groove width is kept constant.

In the context of droplet impact on microgrooved surfaces (Figure 4.1), Kannan and

Sivakumar [152] studied water droplet impact on a stainless steel rectangular grooved sur-

face at W e = [50-168]. They found that the grooved structures on the substrate changes
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Figure 4.2: Top view of a sessile droplet on an anisotropic microgrooved surface. Light and
dark colored patches are ridges and grooves, respectively.

the liquid lamella spreading on the surface. Pearson et al. [153] studied droplet impact dy-

namics for two types of liquid (water and mixture of water (50%) and glycerol (50%)) on a

rectangular microgrooved superhydrophobic surface at W e = [1-500]. They observed that

the ratio of the maximum wetted diameter in longitudinal to transverse direction starts

increasing at W e > 100. Regarding Cassie to Wenzel wetting transition during droplet im-

pact, Vaikuntanathan and Sivakumar [154] found a critical velocity at which the transition

occurs on V-shape microgrooved surface. The critical velocity was found to be function of

geometry and wetting of the base material. In a recent paper [155], authors reported that

the ratio of the maximum wetted diameter in longitudinal direction to that in transverse di-

rection scales with Weber number in range of [1-100]. Very recently, Yamamoto et al. [156]

studied impact of a water droplet on surfaces on which parallel stainless steel razor blades

were mounted with pitch of 100 µm and 250 µm. They recorded droplet bouncing at W e

= [0.04, 5] and the transition at W e = [5, 10].

4.3 Objectives

It is well established by previous studies that the droplet preferentially spreads in longitu-

dinal direction as compared to transverse direction on a microgrooved surface. However,

most of the previous studies considered large Weber number in which the droplet is most

likely in Wenzel state. At low Weber number, the droplet is in Cassie state that may affect

the preferential spreading. In particular, the pitch is expected to influence the preferential

spreading since previous studies have shown dependence of surface wettability on pitch

in Cassie state. The Cassie to Wenzel wetting transition may involve partial penetration
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of the liquid into the grooves that could result in breakup of the bouncing droplet. To the

best knowledge, these effects have not been described for the droplet impact dynamics on

microgrooved surfaces. Therefore, the objective of the present work is to investigate the

combined effect of Weber number (W e ) and pitch (p ) on impact dynamics, anisotropic

wetting characteristic, Cassie to Wenzel wetting transition, droplet breakup during bounc-

ing and final impact outcome. We consider a microliter water droplet with Weber number,

W e = [1.2-20.4] on microgrooved surfaces with wide range of pitch, p = [30 - 76] µm.

4.4 Experimental details

4.4.1 Fabrication and characterization of microgrooved surfaces

Fabrication process of the microgrooved surface was done by the ultraviolet lithography

which is a five step process [22]. The steps are shown schematically in Figure 4.3. In the

first process, Silicon wafer (2 inch) was RCA cleaned and wet oxidized. Secondly, SU-8

2025 epoxy photoresist polymer was spin coated on the wafer with a speed of 500 rpm

for 10 s and 2300 rpm for next 40 s and after that soft baking was carried out at 65◦C for

3 min and at 95◦C for next 8 min to harden the surface. Previously an iron oxide coated

glass mask with rectangular patterns of the requisite ridge widths was printed using Laser

Writer, LW405, Microtech Inc. So in the third process, both the prepared surface and glass

mask were aligned using double sided aligner (EVG620, EV Group Inc) where the wafer was

exposed to UV radiation with intensity of 160 mJ/cm2 for 2–3 min. Subsequently, they were

developed in SU8 photo developer for 5–6 min and cleaned by isopropanol. Fourth pro-

cess consisted of baking the samples at 65◦C for 1 min and 95◦C for 6 min and cooling in

the ambient. The final stage consisted of hard baking the surface in a heater at 120◦C for

10 min and coating with 10 nm platinum layer before the characterization process.

Top view images of the fabricated surfaces were taken using Scanning electron micro-

scope (SEM) as shown in Figure 4.4(a) for four different pitches (30 µm, 47 µm, 62 µm,

76 µm). The characterization of the grooves depth and surface morphology on the mi-

crogrooved surfaces is shown as 3D images in Figure 4.4(b) and as 2D line plot for cross-

section surface profile in Figure 4.4(c). The images were captured using 3D optical pro-

filometer (Zeta-20, Zeta Instruments Inc. The rectangular ridge width (w ) and groove depth

(h) are 22 ± 2 µm and 27 ± 2 µm, respectively, for all the surfaces. Variation in the groove

width provides the requisite pitch.

4.4.2 Droplet generation and high-speed visualization

The experimental setup shown in Figure 4.5, consists of two high-speed cameras connected

to a computer, a syringe with an adjustable stand to vary the height (or impact velocity) and
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Figure 4.3: Schematic of the steps involved for the fabrication of microgrooved surfaces
using ultraviolet lithography. Adapted from Ref. [22]
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Figure 4.4: Characterization of microgrooved surfaces of different pitches (p ). (a) Top view
of the surfaces obtained by SEM. Scale is shown in image plotted in last row and first col-
umn. (b) 3D view of the surface obtained by optical profilometer. (c) 2D cross-sectional
profiles obtained using 3D profilometer data. The cross-section plane 1-1’ is shown in first
row and second column.
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Figure 4.5: Schematic of the experimental setup.

two LED lamps. Microliter deionized water droplets are generated using the syringe with

31-gauge needle. The droplet diameter and range of impact velocity are 1.7±0.05 mm and

[0.22 - 0.92] m/s, respectively. The high-speed cameras are used to visualize the droplets

in planes transverse and longitudinal to the direction of the grooves, as shown in Figure

4.2 (Motion- Pro Y-3 classic camera in transverse direction and PixeLINK PL-C722MU-BL

in longitudinal direction). A long distance working objective (Qioptiq Inc.) is used with

the two cameras. Two white LED lamps serve as a back light source. The magnification

corresponds to 14 µm per pixel and 29 µm per pixel for the transverse and longitudinal

view, respectively. The videos are recorded at 1500 and 750 frames per second (fps) in the

transverse and longitudinal view, respectively.

4.4.3 Measurement of contact angle

Advancing contact angle (θa d v ), receding contact angle (θr e c ) and the contact angle hys-

teresis (CAH) are measured in the transverse and longitudinal direction as shown in Figure

4.6(a) and (b) respectively. Captive droplet method is used to measure the θa d v and ses-

sile droplet evaporation technique is used for measuring θr e c . Equilibrium contact angle

(θe q ) is measured for a gently deposited droplet on the surface, using the following equa-

tion considering a sessile spherical cap on the surface, θe q = 2t a n−1(2H /Dw e t t e d )where H

and Dw e t t e d are sessile cap height and wetted diameter, respectively. The increasing con-

tact angle value with increase in pitch shows that the decrease in surface wettability with

increase in the pitch of the grooves. The angles and CAH are larger in the transverse direc-

tion than in the longitudinal direction, consistent with data of Kusumaatmaja et al. [148].

The uncertainty in the contact angle measurements is ±5◦. All the experiments are per-

formed at 25±2 ◦C and 50 ± 5% relative humidity and are repeated three times to ensure
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repeatability.

4.5 Theory of Cassie to Wenzel wetting transition

In this section, the possible pressures acting on the droplet which leads to the penetration

of the liquid into the microgrooves of the surface and also the two transition mechanisms

by which the droplet penetrates into the microgrooves are discussed. Liquid penetration

into the microgrooves of the surface can occur in three stages: the impact stage, the spread-

ing stage, and the receding stage [157]. In the impact stage, the interaction between the

droplet and the microgrooved surface generates three pressure forces: hammer pressure

(4PH), dynamic pressure (4PD), and capillary pressure (4PC) [139, 140, 157, 158]. Just after

the impact, there is a sudden change in the velocity inside the droplet, which creates shock

waves. This shock front compresses the droplet liquid behind it, and as the shock front

reaches the edges of the rectangular ridges, the compressed liquid suddenly expands, ac-

quiring free space. Thus, the liquid-gas interface experiences a thrust from the compressed

liquid above it, which is known as the hammer pressure [139] and is expressed as [159]:

4PH =αρC U0 (4.1)

where α is the coefficient that is found empirically from the experimental results, ρ and

C are the density of the droplet liquid and the speed of the sound in the droplet liquid,

respectively, and U0 is the impact velocity. The coefficient,α, gives us the fraction of impact

velocity, U0, at which the compression wave travels through the spherical droplet [159].

Different values of the coefficient, α, which are used in the literature, are reported in Table

4.1. The speed of sound in the droplet liquid (C ) is considered to be 1482 m/s. The dynamic

pressure is given as [157]:

4PD = 0.5ρU0
2 (4.2)

Study by Substrate Impact velocity α
Engel, 1955 [159] Glass 4.84 m/s 0.2

Deng et al., 2009 [139] Silicon 3 m/s 0.2
Kwon and Lee, 2012 [140] SU-8 1.2 m/s - 3.1 m/s 0.003

Quan and Zhang, 2014 [160] SU-8 1.89 m/s 0.003

Table 4.1: Reported values of coefficient for estimating water hammer pressure, α, using
eq. 4.1 for impact of water droplet on different substrates.

The capillary pressure is defined as the Laplace pressure acting along the air-liquid in-

terface beneath the droplet and is given as [34]:
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Figure 4.6: (a) Measured advancing contact angle (θa d v ), equilibrium contact angle (θe q ),
receding contact angle (θr e c ) and contact angle hysteresis (CAH) for flat and microgrooved
surfaces of various pitches (p ) in the transverse direction. (b) Corresponding angles and
hysteresis in the longitudinal direction.
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4PC = γH (4.3)

where γ and H are surface tension and curvature of the interface, respectively. Since4PH

and4PD act as wetting pressure, and4PC acts as anti-wetting pressure [138, 139, 141, 161],

a criterion for the Cassie to Wenzel wetting transition is given as follows:

4PH+4PD−4PC ≥ 0 (4.4)

The transition of the droplet from the Cassie state to the Wenzel state occurs in two mecha-

nisms, namely, the de-pinning and the sagging mechanism [141, 162], which are described

in the following subsections.

4.5.1 Depinning mechanism

As observed in the Cassie state, the liquid-air interface hangs in between the ridges, that

is, inside a groove, and the balance of capillary pressure is on the surface against the com-

bined dynamic pressure and hammer pressure. The transition from the Cassie state to the

Wenzel state occurs when wetting pressures (dynamic pressure and hammer pressure) ex-

ceed the capillary pressure, and the droplet cannot remain pinned at the ridge edge. The

droplet slides downward on the sides of the ridge, as shown in Figure 4.7(left). The capillary

pressure in the de-pinning mechanism can be calculated as [157]:

4PC =
−2γcosθa d v

p −w
(4.5)

where γ is the surface tension of the liquid droplet, θa d v is the advancing contact angle on

the flat surface [141], p is the pitch of the microgrooves and w is the ridge width.

4.5.2 Sagging mechanism

Due to excess wetting pressures, liquid-air interface curvature can increase and touch the

base of a microgroove, which leads to the transition from the Cassie state to the Wenzel

state [141]. This type of transition mechanism is called the sagging mechanism as shown

in Figure 4.7(right). The critical height of the microgroove required for sagging is [163],

hc =
p −w

2
tan

θa d v −90◦

2
(4.6)
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Figure 4.7: Droplet penetration into the microgrooves could occur by depinning of the con-
tact line (left) or by sagging of the liquid-air interface (right).

4.6 Results and discussions

Results are presented for the impact of 1.7 mm water droplet on microgrooved surfaces

with impact velocity and pitch in range of U0 = [0.22 - 0.92] m/s and p = [30 - 76] µm,

respectively, in the following subsections. The corresponding range of Reynolds number

(R e =ρU0D0/µ), Weber number (W e =ρU0
2D0/γ), and dimensionless pitch (p/D0) are R e

= [429, 1794], W e = [1.2, 20.4] and p/D0 = [0, 0.045], respectively, where ρ, U0, D0, µ and γ

are density, impact velocity, initial droplet diameter, dynamic viscosity and surface tension,

respectively. The impact conditions of W e = [1.2 - 20.4] and Z = 0.00253, which are used in

this study, fall into the inviscid and impact-driven region [23], as shown in Figure 4.8. In the

following subsections, the effect of dimensionless pitch and W e on the impact dynamics

are discussed.

4.6.1 Effect of pitch

The wetting characteristics of the surfaces with different pitches (quantified in Figure 4.6)

shows that the angles and CAH are larger in the transverse direction than in the longitudinal

direction. As explained by Chen et al. [145], the larger spreading in the longitudinal direc-

tion (or larger angles in the transverse direction) is due to the pinning of the contact line at

the edge of the ridge while spreading in the transverse direction. This results in squeezing

of the droplet in the transverse direction and stretching of the droplet in the longitudinal

direction. These results show the anisotropy wetting characteristic of the microgrooved

surfaces.

Figure 4.9 compares the droplet impact dynamics on flat and microgrooved surfaces

with four different pitches, p = 30µm, 47µm, 62µm, 76µm. The Weber number in all cases

is W e = 6.5 that corresponds to impact velocity of U0 = 0.52 m/s. The impact sequences
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Figure 4.8: Impact regimes given by Schiaffino and Sonin [23]. Present experimental con-
ditions shown as diamond points, corresponds to regime I

obtained by high-speed visualization in the transverse direction are compared columnwise

in Figure 4.9 and top insets shows the topology of the surface, recorded by SEM. The droplet

initially spreads due to inertial and wetting forces (t < 3.33 ms) and large deformation of

the liquid-gas interface is observed. The surface forces cause the recoiling and the contact

line recedes radially inwards. At t = 11.33 ms, the droplet does not bounce on the flat as

well as p = 30 µm surface and bounces on the p = 47 µm surface. The droplet bounces on

the surfaces with pitch p = 62 µm and p = 76 µm, however, a small volume of the droplet

is left on the surface due to droplet breakup (Figure 4.9).

These three outcomes are referred to as – no bouncing (N B ), complete bouncing (C B )

and bouncing with droplet breakup (B D B ), respectively, hereafter. The C B is explained

due to lower wettability (or larger equilibrium contact angle, θe q ) at larger pitch (Figure 4.6

(a) and (b)). In terms of the energies involved, the kinetic energy of the droplet converts into

the surface energy until the maximum spreading and during recoiling the surface energy

converts into the kinetic energy. If the sum of kinetic and surface energy exceeds the initial

surface energy during recoiling, the droplet bounces off the surface [51, 52]. The measured

bouncing times are in good agreement with the analytical model of Richard et al. [164]

(t ∼ pρD0
3/γ) = 8.2 ms) and the measured wetted diameter (Dw e t t e d ) on the flat surface

(∼ 2.7 mm) and microgrooved surfaces (∼ 2.5 mm) are consistent with prediction of an

analytical model reported by Clanet et al. [10](Dma x ∼D0W e 1/4 ∼ 2.7 mm).
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Figure 4.9: Image sequence obtained by high-speed visualization in transverse direction
for impact of a microliter water droplet of 1.7 mm diameter on a flat and microgrooved
surfaces of various pitches (p ) at Weber number, W e = 6.5 (U0 = 0.52 m/s). Columns show
different cases of pitch and scale is shown at top-left.
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The impact dynamics is further quantified by plotting the time-varying dimensionless

wetted diameter (D ∗
w e t t e d , normalized with respect to the initial droplet diameter) in the

transverse and longitudinal direction in Figure 4.10 (a) and (b), respectively. The time scale

(t ) is nondimensionalized as t ∗ = t U0/D0. D ∗
w e t t e d is compared for surfaces with different

pitches and it increases to a maxima during initial spreading and further decreases due to

the receding in all cases at t ∗ < 3. The maximum corresponds to the flat surface due to its

largest wettability (Figure 4.6 (a) and (b)). D ∗
w e t t e d attains a plateau value after the droplet

becomes sessile on the surface for NB at t ∗ > 3. In Figure 4.10, D ∗
w e t t e d = 0 and D ∗

w e t t e d <

0.3 denote C B and B D B , respectively. In cases of B D B , D ∗
w e t t e d stays almost constant for

3 < t ∗ < 12 and is slightly larger for p = 76 µm surface as compared to p = 62 µm surface.

The latter is due to the fact that a larger pitch surface captures a larger volume of water into

the grooves during Cassie to Wenzel wetting transition. starts increasing after the droplet

reimpacts for C B and B D B at around t ∗ = 6 and 11, respectively (Figure 4.10).

The maximum spreading is larger in the longitudinal direction than in the transverse

direction in Figure 4.10(a) and (b), which is attributed to anisotropic wetting charateristic

of the surface. In order to quantify this, the percentage change in the maximum wetted

diameter in the longitudinal direction with respect to that in the transverse direction (η) at

a given dimensionless pitch (p/D0) is defined as follows,

η(%) =
Dw e t t e d ,ma x ,l o ng i t ud i na l −Dw e t t e d ,ma x ,t r a n s v e r s e

Dw e t t e d ,ma x ,l o ng i t ud i na l
×100 (4.7)

Figure 4.11 plots the variation of ηwith dimensionless pitch (p/D0) at W e = 6.5. Note that

the spreading is considerably larger in the longitudinal direction in all cases and η = 27%,

22%, 19%, and 17% for p/D0 = 0.018, 0.028, 0.037, and 0.045, respectively.

4.6.2 Effect of Weber number

The effect of the Weber number (W e ) is investigated by varying it in range of W e = [1.2,

20.4]on a p =47µm surface (p/D0=0.028). The corresponding range of the impact velocity

is U0 = [0.22, 0.92]m/s. The images acquired by the high-speed visualization in Figure 4.12

show N B for W e = 2.8 (U0 = 0.34 m/s) and W e = 4.5 (U0 = 0.43 m/s), C B for W e = 6.5

(U0 = 0.52m/s) and W e = 9.3 (U0 = 0.62 m/s), and B D B for W e = 16.2 (U0 = 0.82 m/s). In

all cases, most of the initial kinetic energy converts into surface energy upon impact whilst

some is also dissipated during the spreading processes due to viscosity [10]. As such, an

increase in the initial kinetic energy gives rise to an increase in the surface energy stored,

which in turn aids the receding of the droplet after spreading. As explained earlier, C B

and B D B occurs if the sum of kinetic and surface energy exceeds the initial surface energy

during recoiling.

The corresponding time-variation of D ∗
w e t t e d in transverse and longitudinal direction
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Figure 4.10: Time-varying dimensionless wetted diameter (D ∗
w e t t e d ) for water droplet im-

pact on flat surface and microgrooved surfaces of various pitches (p ) at W e = 6.5 (U0 =
0.52 m/s) in transverse (a) and longitudinal (b) direction. Different outcomes are obtained,
namely, no bouncing (N B ), complete bouncing (C B ) and bouncing with droplet breakup
(B D B ). Temporal resolution in longitudinal direction is approximately half to that in trans-
verse direction.
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Figure 4.11: Percentage increase in the maximum spreading in longitudinal direction with
respect to that in the transverse direction (η, eq. 4.7) as function of dimensionless pitch
(p/D0) for Weber number, W e = 6.5 (U0 = 0.52 m/s).

for the p = 47 µm surface is shown in Figure 4.13(a) and (b), respectively. As expected, the

instance of maximum spreading scales with impact velocity (ts p r e a d i ng ∼ D0/U0 [57]). A

larger impact velocity results in larger spreading as well as receding of the contact line, as

shown in Figure 4.13. In cases of C B (D ∗
w e t t e d = 0), the droplet remains in air for longer time

for larger Weber number (or impact velocity). In Figure 4.13(b), the oscillations of D ∗
w e t t e d

in the longitudinal direction after completion of the recoiling for N B and after reimpact of

the droplet for C B and B D B are noted. These oscillations are attributed to the conversion

of kinetic and surface energy into each other [52] and were also observed for the impact of

a water droplet on glass [11, 13]. The amplitude of the oscillation decays with time due to

viscous dissipation of the energies and eventually the droplet reaches to a sessile state. The

oscillations are absent in the transverse direction since contact line pins at the microgroove

edge that is anisotropic wetting of the surface.

Further, the anisotropic wetting as function of the Weber number (W e ) and dimension-

less pitch (p/D0) is quantified. Figure 4.14 plots the percentage change in the maximum

wetted diameter in the longitudinal direction with respect to that in the transverse direc-

tion (η, eq. 4.7) as function of the dimensionless pitch (p/D0) for different cases of W e . At

low W e , η is larger and decreases with p/D0. This is due to the pinning of the contact line

at the edge of the ridge, which causes obstruction for the droplet to spread in the transverse

direction. The chances of the obstruction are larger at lower p/D0 because of presence of

higher number of the ridges beneath the droplet. However, η stays constant (∼ 20 - 30%) at
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Figure 4.12: Image sequence obtained by high-speed visualization in transverse direction
during impact of a microliter water droplet of 1.7 mm diameter on a microgrooved surface
of pitch, p = 47 µm. Columns show different cases of Weber number (or impact velocity)
and scale is shown on top-left.

105



Figure 4.13: Time-varying dimensionless wetted diameter (D ∗
w e t t e d ) of water droplet im-

pact on a pitch surface of 47 µm with various Weber numbers (or impact velocities) in
transverse (a) and longitudinal (b) direction. Different outcomes are obtained, namely,
no bouncing (N B ), complete bouncing (C B ) and bouncing with droplet breakup (B D B ).
Temporal resolution in longitudinal direction is approximately half to that in transverse
direction. Only few error bars are shown for clarity.
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Figure 4.14: Percentage increase in the maximum spreading in longitudinal direction with
respect to that in transverse direction (η, eq. 4.7 ) as function of dimensionless pitch (p/D0)
for different cases of Weber number (or impact velocity). Only one error bar is shown for
clarity.

larger W e because the kinetic energy dominates over the surface energy at larger W e and

consequently, the preferential spreading in the longitudinal direction suppresses, as seen

in Figure 4.14. The largest η, η = 80%, is obtained for p/D0 = 0.018 (p = 30 µm), W e = 1.2

(U0 = 0.22 m/s).

4.6.2.1 Variation of surface energy

The variation of the total surface energy of the droplet with respect to time is computed by

analyzing the time-varying high speed camera images for p = 47 µm case, and is shown in

Figure 4.15. First, the surface area of the liquid-gas interface above the substrate is calcu-

lated for a particular image by the following steps:

1. Digitization of the images with in-built Matlab based code for getting the pixel num-

bers.

2. Division of the height of the droplet into small∆h , here it is the pixel size.

3. For a particular ∆h, there is a particular radius of the droplet and for small ∆h , the

surface of the droplet is assumed to be a vertical and the base of the droplet is as-

sumed to be a circle.

4. The surface area of the droplet for small∆h , can be calculated as d A = 2πr∆h .
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Figure 4.15: Time-varying total surface energy stored in the liquid-gas interfaces at different
impact velocities for p = 47 µm.

5. Then, the total surface area of the liquid-gas interface (ALG ) is obtained by integrating

d A over the entire height of the droplet.

The total liquid-gas surface area on a microtextured surface is then calculated as ALG +

((π/4)D 2(1−φ)) and the solid-liquid surface area is (π/4)D 2φ, where φ is the solid-liquid

surface fraction and D is the spreading diameter of the droplet at that time instant. The

total surface energy for a particular time instant is then calculated as, (ALG + ((π/4)D 2(1−
φ)))γLG + ((π/4)D 2φ)(γS L −γSG ).

4.6.2.2 Cassie to Wenzel wetting transition

The Cassie to Wenzel wetting transition on the microgrooved surfaces is examined in this

section. As shown in Figure 4.16, the droplet impact on p = 76 µm surface results in N B at

W e = 1.2 (U0 = 0.22 m/s), C B at W e = 2.8 (U0 = 0.34 m/s), W e = 4.5 (U0 = 0.43 m/s), B D B

at W e = 6.5 (U0 = 0.52 m/s), W e = 9.3 (U0 = 0.62 m/s) and again no bouncing at W e = 16.2

(U0 = 0.82 m/s). Therefore, a critical Weber number (or impact velocity) exists at which the

droplet outcome changes from C B to B D B and the liquid penetrates into the grooves. The

no bouncing at W e = 16.2 (U0 = 0.82 m/s) is due to the Cassie to Wenzel wetting transition

and is referred to as – no bouncing due to the wetting transition (NBW). The time-varying

droplet shapes for N BW are plotted in Figure 4.17. The microgrooves are visible in Figure
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4.17 before the impact at t = 0 ms and air-filled and liquid-filled microgrooves are visible

beneath the droplet at 1.33 ms. In addition, capillary wave propagation is visible on the

liquid-gas interface at 1.33 ms. From 4.67 ms to 6.67 ms, the contact line recedes and the

droplet recoils, however, it sticks in the microgrooves due to the penetration of water into

the grooves and does not bounce. Whereas, for the C B case on p = 76 µm surface at W e

= 4.5 (U0 = 0.43 m/s) in Figure 4.18, the microgrooves beneath the droplet are completely

filled with air during spreading at t = 2.67 ms, receding at t = 6.00 ms and bouncing at t

= 9.33 ms in Figure 4.18. The droplet remains in Cassie state even after it impacts again at

44.67 ms.

Further, the critical W e required for the wetting transition is calculated using the ex-

isting theory presented earlier and is compared with measurements for three cases of the

pitch, p = 47 µm, 62 µm and 76 µm, corresponding to dimensionless pitch, p/D0 = 0.028,

0.037, and 0.045. As discussed earlier, the droplet penetrates inside the microgrooves if the

combined wetting pressure (4PH+4PD) exceeds the capillary pressure (4PC). The critical

height estimated using eq. 4.6 for the wetting transition due to the sagging of the interface

(Figure 4.7(right)) for p = 47µm, 62µm and 76µm is on the order of 1µm. Since the height

of the ridge is 27 µm, the wetting transition occurs by depinning of the contact line (Figure

4.7 (left)) in the present measurements. The critical W e is estimated using dimensionless

form of eq. 4.5, expressed as follows,

4P ∗H+4P ∗D =4P ∗C (4.8)

where superscript ∗denotes dimensionless variable normalized withρU 2
0. The coefficient

α in the expression of the dimensionless hammer pressure (4P ∗H =αC /U0, dimensionless

form of eq. 4.1) is a function of impact velocity and reported values of α in the literature

are listed in Table 4.1. Extrapolating the dependence of α on U0 using data in Table 4.1, the

estimated range of α is [10−5, 10−4] for U0 = [0.22, 0.92]m/s in the present work. (4P ∗H +

4P ∗D) and4P ∗C is plotted using the respective equations given earlier as function of W e

for the surfaces with the following pitches, p = 47 µm (p/D0 = 0.028), p = 62 µm (p/D0

= 0.037) and p = 76 µm (p/D0 = 0.045) in Figure 4.19(a), (b), and (c), respectively. The

intersection of plots of (4P ∗H +4P ∗D) and 4P ∗C is shown by a filled circle in Figure 4.19

(a-c) and it represents the theoretical estimate of W e needed for the wetting transition. α

= 7×10−5 is used as a fitting parameter in present calculations for4P ∗H in Figure 4.19 (a-c)

and this value lies in the estimated range of αmentioned earlier. The measured minimum

W e for the C B and B D B are shown by green and blue vertical lines, respectively, in Figure

4.19 (a-c). Since the filled circle lies between the vertical lines for three cases of the pitch in

Figure 4.19, the calculated values of the critical W e are consistent with the measurements.

These results show that the critical W e required for the wetting transition inversely scales

with the pitch.
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Figure 4.16: Image sequence obtained by high-speed visualization in transverse direction
during impact of a microliter water droplet of 1.7 mm diameter on a microgrooved surface
with p = 76 µm. Columns show different cases of Weber number (or impact velocity) and
scale is shown on top-left.
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Figure 4.17: Image sequence obtained by high-speed visualization in transverse direction
during impact on a microgrooved surface with pitch of 76 µm and at W e = 16.2 (U0 = 0.82
m/s). Images show the penetration of water into the microgrooves i.e. Cassie to Wenzel
wetting transition (N BW ).

Figure 4.18: Image sequence obtained by high-speed visualization in transverse direction
during impact on a microgrooved surface with pitch of 76 µm and at W e = 4.5 (U0 = 0.43
m/s). Images show the droplet bouncing off the surface (C B ).
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Figure 4.19: Estimation of theoretical critical Weber number (W e ) by eq. 4.8. The critical
Weber number is represented by a filled circle. The minimum Weber numbers obtained in
measurements for C B and B D B are shown by vertical lines. Three cases of the pitch are
considered: (a) p = 47 µm, (b) p = 62 µm and (c) p = 76 µm.
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Figure 4.20: Image sequence obtained by high-speed visualization in transverse direction
of impact of 1.7 mm diameter water droplet on a microgrooved surface with of pitch, p =
62 µm and at Weber number, W e = 16.2 (U0 = 0.82 m/s). Scale is shown on top-left.

4.6.2.3 Bouncing with droplet breakup

As discussed earlier in section, B D B occurs due to partial penetration of water in the mi-

crogrooves (Cassie to Wenzel wetting transition) at large pitch and large Weber number.

Figure 4.20 shows time-varying droplet shapes on p = 62 µm surface (p/D0 = 0.037) with

W e = 16.2 (U0 = 0.82 m/s). The droplet spreads (0 ms to 5.33 ms), recedes (10 ms to 11.33

ms) and capillary wave propagation on the liquid-gas interface is noted after 8.67 ms. Due

to the penetration of water in the microgrooves, the droplet sticks to the base surface and

capillary wave propagation on the liquid-gas interface causes necking of the interface (8

ms to 12.67 ms). This results in the breakup of the droplet at 13.33 ms. We further quantify

volume of daughter droplet left on the surface (V ) from the recorded images. An axisym-

metric droplet is assumed in the image in order to calculate volume. The percentage of V

with respect to initial droplet volume is plotted in Figure 4.21 on Weber number (W e ) -

dimensionless pitch (p/D0) plane for the B D B (V = 0 for N B , C B and N BW ). The con-

tour plot shows that the maximum V % corresponds to p/D0 = 0.037 surface at W e = 16.2.

Therefore, there exists an optimal pitch as well as Weber number for achieving the maxi-

mum V .
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Figure 4.21: Contour of volume of daughter droplet left on the surface after droplet bounc-
ing and breakup (B D B ) on W e −p/D0 plane.

4.6.3 Regime map

A regime map is proposed using present measurements for different impact outcomes. Fig-

ure 4.22 shows the outcomes, namely, N B , C B , B D B , and N BW , on Weber number (W e )

- dimensionless pitch (p/D0) plane. Figure 4.22 shows N B is observed in all cases of W e

at p/D0 = 0.018 (p = 30 µm). As W e increases at p/D0 = 0.028 (p = 47 µm), the outcome

changes from N B to C B and C B to B D B . Similarly, at p/D0 = 0.037 (p = 62 µm) and

p/D0 = 0.045 (p = 76 µm), the outcome changes from N B to C B , C B to B D B and B D B

to N BW . Therefore, there exists a critical W e at a constant pitch or a critical pitch at a

constant W e for change from one regime to other. The critical W e is the lowest for N B to

C B at a given pitch. At larger W e , C B to B D B and B D B to N BW occurs due to Cassie to

Wenzel wetting transition, as explained in section 2.6.2.2.

In order to characterize the intensity of the bouncing, coefficient of restitution (ε) for

C B or B D B cases is estimated. In this context, Richard and Quéré [53] plotted coefficient

of restitution for the bouncing droplets on non-textured superhydrophobic surfaces. It is

defined as ε = U /U0, where U and U0 are velocity of the droplet just after bouncing and

impact velocity, respectively. U is estimated as
p
(2g h ), where h is the maximum height of

the center of gravity of the droplet achieved after the bouncing. In B D B cases, h is mea-

sured after neglecting the daughter droplet that remains on the surface. The contours of ε
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Figure 4.22: Regime map on Weber number (W e ) – dimensionless pitch (p/D0) plane for
different impact outcomes obtained in the present study for 1.7 mm water droplet. The out-
comes are no bouncing (N B ), complete bouncing (C B ), bouncing with droplet breakup
(B D B ) and no bouncing due to Cassie to Wenzel wetting transition (N BW ).

on W e - (p/D0) plane are plotted in Figure 4.23, that shows ε is the maximum for the C B

cases at the largest pitch (p/D0 = 0.045) and at W e = [2.8 - 4.5]. Further increase in W e

at this pitch results in the penetration of liquid into the microgrooves and the outcome

is B D B that lowers ε, as plotted in Figure 4.23. At W e = [2.8 - 4.5], ε slightly decreases

on p/D0 = 0.037 surface in comparison to p/D0 = 0.045 surface due to slightly larger sur-

face wettability of the former than the latter (Figure 4.6(a, b)). At p/D0 = 0.028, the droplet

bouncing is first observed at W e = 6.5 with lower ε (∼ 0.3) because it has larger wettability

in comparison to surfaces with p/D0 = 0.037 and p/D0 = 0.045. In addition, the droplet

experiences more number of ridges beneath it for p/D0 = 0.028, which leads to more dis-

sipation of the kinetic energy (which lowers ε) due to pinning and depinning of advancing

or receding contact line [155]. Therefore, the coefficient of restitution is the largest for C B

at the largest pitch considered and at an optimal Weber number.

4.6.4 Comparison with results on micropillared surfaces

The present results on the microgrooved surfaces are compared with previous results on

micropillared surfaces [24]. The height and width of the pillar in Ref. [24] is almost equal

to that of the ridge in the present study (within ±2 µm). As explained in section 2.6.1, the

spreading on the microgrooved surface is more in longitudinal direction than in transverse

direction to the grooves. However, the spreading is isotropic on micropillared surfaces [24].
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Figure 4.23: Contour of coefficient of restitution for C B and B D B on W e - p/D0 plane.

Further, the minimum Weber number (W emi n ) required for regimes; C B , B D B and N BW ,

as function of dimensionless pitch (p/D0), are compared in Figure 4.25 (a), (b) and (c), re-

spectively. Comparisons show that W emi n for C B , B D B and N BW is larger for the mi-

crogrooved surface as compared to the micropillared surface at a given pitch. This is ex-

plained by the pinning and depinning of the contact line at edge of the ridge during spread-

ing that dissipates larger kinetic energy in the former. Therefore, a larger Weber number is

required to achieve C B , B D B and N BW on the microgrooved surface. Regarding compar-

ison between water repelling properties of the two surfaces, the microgrooved surface is a

better choice at larger pitch since Weber number (or impact velocity) required to achieve

N BW is larger. Similarly, the micropillared surfaces perform well at lower pitch because

the Weber number required to achieve C B is lower.

4.7 Closure

We investigate impact dynamics of a microliter water droplet (1.7 mm diameter) on a hy-

drophobic microgrooved surface, manufactured using photolithography. Time-varying droplet

shapes are obtained in longitudinal and transverse direction to the grooves using high-

speed visualization. The range of impact velocity and pitch of the microgrooves are U0 =
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Figure 4.24: The results on the microgrooved surface of the present work and the micropil-
lared surface of Patil et al. [24]work are compared.

[0.22, 0.92] m/s and p = [30, 76] µm, respectively. The corresponding range of Reynolds

number, Weber number and dimensionless pitch are R e = [429, 1794], W e = [1.2, 20.4]

and p/D0 = [0, 0.045], respectively. The surfaces exhibit anisotropic wetting characteristic

and measured advancing, receding, and equilibrium contact angles are around 20 percent

larger in the transverse direction. The droplet spreads more in longitudinal direction and

this preferential spreading at low W e inversely scales with the pitch. The largest percent-

age increase in the maximum wetted diameter in the longitudinal direction with respect to

that in the transverse direction is around 80% at W e = 1.2 at p/D0 = 0.018.

The following regimes are obtained with increasing pitch at constant Weber number or

with increasing Weber number at constant pitch: no bouncing (N B )→ complete bounc-

ing (C B )→ bouncing with droplet breakup (B D B )→ no bouncing due to Cassie to Wenzel

wetting transition (N BW ). B D B and N BW occur due to partial and full penetration of

water into the microgrooves during Cassie to Wenzel wetting transition, respectively. The

maximum volume of daughter droplet left on the surface after the droplet breakup for B D B

corresponds to an optimal pitch and W e . The critical W e needed for the wetting transi-

tion inversely scales with the pitch and the depinning mechanism of the contact line at

the edge of the pillars is found to be the possible mechanism for the wetting transition.

Microgrooved surfaces exhibit better water repelling properties when the results are com-

pared with the micropillared surface at larger pitch since the minimum W e required to

achieve C B , B D B , and N BW at a given pitch is larger for the microgrooved surfaces.
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Figure 4.25: Comparison between W emi n required for different outcomes, C B (a), B D B
(b), and N BW (c) on microgrooved and micropillared surfaces for different cases of pitch.
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Chapter 5

Conclusions and Future Scope of Work

5.1 Conclusions

5.1.1 Evaporation of a sessile droplet suspended with colloidal particles

In this field, the ring-like deposits obtained after the evaporation of a sessile water droplet

containing polystyrene colloidal particles on a glass substrate is studied. On a non-heated

substrate, the coupled effect of the particle size (d ) and particles concentration (c ) on ring

dimensions and morphology are investigated. The range of d and c in the experiments are

[0.1, 3] µm and [0.001, 1]%v/v, respectively. The measured ring profiles resemble a partial

torus-like shape for all cases of d and c . Cracks are visualized on the surface of the ring for

d = 0.1 µm and c = 0.1, and 1.0 %. Cracks are formed because at the final drying stage of

the droplet when the receding liquid tries to shrink the ring whereas the pinned particles

obstruct such shrinkage. This results in stress inside the deposit and consequently induces

cracks. Three types of deposits are classified on particles concentration - particle size plane,

namely, discontinuous monolayer ring, continuous monolayer ring, and multiple layers

ring. In the case of multiple layers, the ring width and height increases with an increase

in particles concentration and relative mass of the particles accumulated in the ring is the

largest at the lowest particle size.

The monolayer ring forms due to larger immersion capillary forces among the parti-

cles at larger particle size and measured particle motion near the contact line qualitatively

confirm the interaction among the particles. A critical particle concentration exists at a

given particle size to achieve its formation. The measured dimensions of the ring scale with

particles concentration by a power law and in general, the scaling agrees with the predic-

tions of the model. The time-varying ring dimensions comparison with the model shows

that a growing ring spreads in the last stage of drying at the expense of its height due to

its interaction with shrinking free surface. On a non-heated substrate, evaporation of wa-

ter droplet containing graphene nanoplatelets is also investigated by varying the graphene
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nanoplatelets concentration from [0.01 - 0.1]%v/v. The graphene nanoplatelets are having

2D flakes type structure that remain on the substrate as a coating and thus less ring heights

are observed, contrary to the ring heights obtained from polystyrene particles that remain

on the substrate as a monolayer or multiple layers.

Then, the colloidal deposit formation on a nonuniform heated glass substrate is stud-

ied. The effect of the temperature gradient (dT /dX ) and particles size on the deposit pat-

tern and ring dimensions are investigated. The following temperature gradients were im-

posed across the substrate - dT /dX = 1.7, 2.8, and 4.2◦C/mm, and the particles diameter

considered were as follows - d = 0.1, 1.1, and 3.0 µm. The time-varying droplet shapes

from the side and the temperature of the liquid-gas interface from the top were recorded

using high-speed visualization and infrared thermography, respectively. The dried patterns

were visualized under an optical microscope and quantified using an optical profilometer.

The ring dimensions are smaller and larger on higher temperature side (TH ) for a smaller

particle (d = 0.1 µm), and the larger particles (d = 1.1 and 3.0 µm), respectively. The dis-

placement of the contact line on the TH and lower temperature side (TL ) reveals that at d

= 0.1 µm, the contact line depins early from the TH side leading to the stick-slip motion of

the contact line and twin asymmetric Marangoni recirculations advect more particles to-

wards the TL side. At d = 1.1, and 3.0µm, the contact line remains pinned on both the sides

for a maximum duration of evaporation. The pinned contact line and the twin asymmetric

Marangoni recirculations aid in trapping the particles in the larger stagnation region on the

TH side contact line. Consequently, the ring width is larger on the TH side in this case. The

variation of the temperature gradient across the substrate shows that the ring width signif-

icantly increases or decreases on TH or TL side, depending on the particle size. This can be

attributed to a stronger Marangoni recirculation as the temperature gradient increases.

A mechanistic model is utilized to understand the role of particle size in pinning or

depinning of the contact line. It was found that the depinning in case of the smaller par-

ticles occurs because the surface tension force on the particles stacked near the contact

line overcomes the drag and friction force on them. Finally, a regime map to classify the

deposition patterns on a temperature gradient - particles size plane is proposed. Three

regimes of deposit pattern are proposed. The first regime is uniform ring width i.e. well-

documented coffee-ring effect, corresponds to uniformly non-heated or uniformly heated

substrate. The second regime is thicker ring on lower temperature side, explained by asym-

metric, twin Marangoni recirculations inside the evaporating droplet and contact line de-

pinning in the presence of the smaller particles. The last and third regime is thicker ring on

higher temperature side, attributed to the twin Marangoni recirculation and the contact

line pinning with the bigger particles. These results of the evaporation of sessile droplet

aid in understanding of the ring formation process and will be useful in guiding the design

of self assemblies of the colloidal particles formed by the evaporating droplets. The study
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provides fundamental insights into the dependence of the ring profile and dimensions on

particle size, particles concentration, and uniform/nonuniform heating of the substrate.

The present results will help to design technical applications such as inkjet-printing and

manufacturing of bioassays.

5.1.2 Impact dynamics of a pure water droplet

In this field, the impact dynamics of microliter water droplet on a hydrophobic microgrooved

surface is studied. The microgrooved surface was manufactured using photolithography.

High-speed visualization technique was utilized to record time-varying droplet shapes in

longitudinal and transverse direction to the grooves. The range of Reynolds number, Weber

number and dimensionless pitch studied are R e = [429, 1794], W e = [1.2, 20.4] and p/D0

= [0, 0.045], respectively. The surfaces exhibit anisotropic wetting characteristic and the

droplet spreads more in longitudinal direction and this preferential spreading at low W e

inversely scales with the pitch.

The following regimes are obtained with increasing pitch at constant Weber number or

with increasing Weber number at constant pitch: no bouncing (N B )→ complete bounc-

ing (C B )→ bouncing with droplet breakup (B D B )→ no bouncing due to Cassie to Wenzel

wetting transition (N BW ). A regime map is proposed on Weber number (W e )-dimensionless

pitch (p/D0) plane for demarcations of the impact outcomes. B D B and N BW occur due

to partial and full penetration of water into the microgrooves during Cassie to Wenzel wet-

ting transition, respectively. The volume of daughter droplet left on the surface after the

droplet breakup for B D B is quantified and the maximum volume corresponds to an opti-

mal pitch and W e . The coefficient of restitution for C B and B D B cases is plotted on W e

- p/D0 plane and the largest coefficient corresponds to the largest pitch and optimal W e

for C B .

The measured critical W e needed for the wetting transition is compared with an ex-

isting mathematical model, based on the balance of capillary pressure, dynamic pressure

and water hammer pressure on the liquid-gas interface across the groove. The compar-

isons are good in all cases of pitch and results suggest that the critical W e inversely scales

with the pitch. The depinning of the contact line is found to be the possible mechanism

for the wetting transition in the present measurements. Comparison between results on

microgrooved and micropillared surfaces show that the minimum W e required to achieve

C B , B D B , and N BW at a given pitch is larger for the former. Hence, the former exhibit

better water repelling properties than the latter at larger pitch while the latter is a better

choice at lower pitch. The present results provide fundamental insights into droplet im-

pact dynamics on microgrooved surfaces that may help to design technical applications

such as self-cleaning and low-drag textured surfaces.
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5.2 Scope for future work

1. In droplet impact dynamics, different grooves/pillar geometries can be manufac-

tured using lithography. The height of the pillars can also be given a gradient. Var-

ious aspect ratios and different configurations of grooves and pillars can be used to

study the bouncing and non-bouncing characteristics of the droplets, which will aid

in manufacturing low drag and self-cleaning surfaces.

2. In evaporation of sessile droplet field, the effect of addition of surfactant to the water

droplet on a nonuniform heated substrate case can be studied. The orientation of the

temperature gradient can also be modified to obtain different Marangoni recircula-

tions inside the droplet. For example, alternate heated and cooled Peltier coolers can

be placed underneath the droplet along the perimeter of the contact line. Or a heated

Peltier underneath the droplet can be placed as a single point source of heating to get

a radial temperature gradient on the substrate.

3. Other aspects in the interfacial transport phenomena field are the droplet formation

at T-junction channel and collision of droplets in various atmospheres, which can be

explored in a combined manner.
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