
 
 

 

 

 

This thesis has been submitted in fulfilment of the requirements for a 

postgraduate degree (e. g. PhD, MPhil, DClinPsychol) at the University of 

Edinburgh. Please note the following terms and conditions of use: 

• This work is protected by copyright and other intellectual property rights, 

which are retained by the thesis author, unless otherwise stated. 

• A copy can be downloaded for personal non-commercial research or 

study, without prior permission or charge. 

• This thesis cannot be reproduced or quoted extensively from without 

first obtaining permission in writing from the author. 

• The content must not be changed in any way or sold commercially in 

any format or medium without the formal permission of the author. 

• When referring to this work, full bibliographic details including the 

author, title, awarding institution and date of the thesis must be given.



The Dynamics of Hygrotactic

Fronts - From Fundamentals of

Soft-Matter Systems to Smart

Materials Engineering

Applications

Hernán Barrio-Zhang

T
H

E

U N I V E R S

I T
Y

O
F

E
D I N B U

R
G

H

A thesis submitted in fulfillment of the

requirements for the degree of Doctor of

Philosophy
Institute of Multiscale Thermofluids, School of Engineering

The University of Edinburgh

2022



 
Abstract of Thesis 
 

Document control 

If you require this document in an alternative format please 
email Academic.Services@ed.ac.uk or telephone 0131 651 
4990. 

Date last revised: 
22.11.21 

K:\AAPS\D-AcademicAdministration\02-CodesOfPractice,Guidelines&Regulations\24-MainReferencesCopiesPolicies\01-
Current\Assessment BOE SCC & Feedback\Forms\ThesisAbstract 

See the Postgraduate Assessment Regulations for Research Degrees: 
https://www.ed.ac.uk/files/atoms/files/pgr_assessmentregulations.pdf    
 

Name of student: 
 

Hernán Barrio Zhang UUN S2130994 

University email: 
 

Degree sought: Doctor of Philosophy Estimated number 
of words in the 
main text of 
thesis*: 

37000 

Title of thesis: 
 

The Dynamics of Hygrotactic Fronts – from Fundamentals of Soft-
matter Systems to Smart Materials Engineering Applications 

*The thesis must not exceed a maximum word count of 100,000, or other limit as detailed in the 
specific regulations detailed in the Degree Regulations and Programmes of Study. In exceptional 
circumstances, on the recommendation of the supervisor, permission may be granted by the College 
to exceed the stated length on the ground that such extension is required for adequate treatment of 
the thesis topic. 

Insert the abstract text here - the space will expand as you type.  

Tactic behaviour is understood as the ability of a system to sense and respond to external 
stimuli. This tactic behaviour is present in many complex systems, many of which can be 
found in nature. Tactic systems are able to sense external stimuli (for example, chemical or 
temperature gradients) and convert this sensory information into large-scale self-propulsion. 
This PhD thesis aims to explore a transformative concept for tactic behaviour in soft-matter 
physics and smart-materials engineering called hygrotaxis, defined as the motion of a droplet 
on a solid surface caused by the presence of a humidity gradient. 
 
The interactions present in this effect give rise to very small forces. Hence, experiments are 
carried out on Slippery Omniphobic Covalently Attached Liquid-like (SOCAL) surfaces, a 
type of ultra-smooth surface which exhibits remarkably low contact angle hysteresis (< 3°). 
Base studies on the evaporation dynamics of water droplets on ultra-smooth surfaces show 
that SOCAL was successfully grafted into glass substrates. Studies of the contact angle 
hysteresis on these surfaces shows there are different friction regimes that make 
measurement of contact angle hysteresis challenging. Hence, a novel method of 
characterisation of ultrasmooth surfaces is developed to use the relaxation of interfaces to 
measure contact angle hysteresis on SOCAL surfaces. The relaxation times obtained in 
these studies allow for the analysis of the physical mechanisms guiding the motion of the 
droplet, which depends on the kinematics of the contact line rather than the hydrodynamics. 
 
Lattice Boltzmann simulations are implemented to study the effect of humidity gradients on 
liquid droplets inside a square channel. Base simulations show that the Lattice Boltzmann 
algorithm is accurate in modelling the dynamics as predicted by the Cahn-Hilliard equation. 
Gradients inside the channel are generated by introducing a chemical potential difference in 
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the ambient phase. These simulations show that chemical potential gradients are able to 
affect the liquid-gas interface, generating surface flows that guide the droplet towards more 
humid environments. 
 
Based on the findings in this thesis, two experimental approaches are developed to study 
hygrotaxis. The first approach aims to generate a gradient in relative humidity by placing two 
droplets of significantly different sizes in close proximity (~0.1mm) in an ambient relative 
humidity of 10%. The effect observed is a consistent displacement of the centre of mass of 
the small droplet towards the larger one. Comparisons between experiments and simulation 
show an overall agreement in the behaviour of the droplet in such configuration. The second 
approach consists of separating the exposed surface of a small amount water into two 
different interfaces. This is done by developing a method to coat and characterise the inside 
of glass capillary tubes with the SOCAL coating. Comparisons between coated and uncoated 
samples show that SOCAL has been successfully applied, exhibiting contact angle 
hysteresis measurements of 2.9°±1.9°. Although pinning events are prevalent in SOCAL 
coated samples, evaporation of 2μL liquid slugs indicate the possible existence of a pressure 
driven effect which drives the contact line to recede from the humid side rather than the dry 
one. Even though improvements in the experiments still have to be implemented, these 
results are motivating and serve a proof of concept for future studies. 
 
The methods and the results presented in this work improve our understanding of the 
interaction of water droplets, ultra-smooth surfaces and relative humidity gradients. 
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The study of the interaction between liquid droplets, solids and their environments forms an 
essential part of nature and our everyday lives. Examples of the importance of these 
interactions are numerous in nature, from animals such as ducks, which have developed 
water repellent feathers, to small desert beetles that use the small bumps on their bodies to 
gather water from the morning dew in the desert dunes. The advancement in our 
understanding of these types of interactions has enabled us to manipulate surfaces that 
allow liquids to slide without resistance, which allows us to create simple commodities such 
as raincoats to more complex applications such as self-cleaning and antibacterial surfaces. 
 
Over the years, we have taken inspiration from the beginning of life in our planet to try to 
explain how some of simplest organisms, such as cells, use chemical signals to guide their 
motion automatically towards sources of food. One can extend the ideas drawn from these 
systems to liquid droplets that use different spreading and chemical strategies to achieve 
self-propulsion. As our understanding behind these mechanisms progresses, we are able to 
develop remarkably effective surfaces that produce spontaneous droplet self-propulsion 
without the need of supplying an external source of mechanical energy. 
 
In this thesis, I study a special case of self-propulsion named ”Hygrotaxis”, referring to the 
motion generated by differences in the ambient humidity. The forces involved in this 
interaction are very small, which is why determining a suitable low friction surface where 
droplets can overcome static friction becomes a key challenge. Hence, this thesis begins by 
studying the interaction between water droplets and a low-friction surface named “Slippery 
Omniphobic Covalently Attached Liquid-like” (SOCAL) surface. This study sheds light on the 
statics and dynamics of motion of liquids in low friction surfaces such as SOCAL, which 
requires an exceptionally low force to initiate motion of a liquid droplet but its motion is 
surprisingly slow. This makes classical ways of quantifying these forces challenging.  In this 
work, a novel method is developed to improve the accuracy of this measurement by using 
the relaxation of a droplet after it is inflated or deflated. Experiments show that droplets on 
SOCAL surfaces change their spreading behaviour depending on the ambient humidity, 
supporting that SOCAL surfaces are a prime candidate in the study of hygrotaxis. 
 
To complement the experimental results, I carry out numerical simulations using the “Lattice 
Boltzmann Method” to model a droplet evaporating in a humidity gradient. The results show 
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that the driving mechanism of hygrotaxis is attributed to the Marangoni effect, the same effect 
that creates the tears of wine in glass cups. 
 
In the last part of this thesis, I apply the findings from the studies on SOCAL surfaces and 
the Lattice Boltzmann Method simulations to practical approaches. When a very small 
droplet is placed next to one over ten times its size, the small one is trapped between the 
vapour field of the larger one and the ambient humidity, effectively creating a humidity 
gradient around the small droplet. The results of this experiment show that the small droplet 
evaporates at a rate much slower than the one predicted by the corresponding ambient 
humidity, confirming the influence and the generation of a humidity gradient around the 
droplet. Most significantly, however, under these conditions the centre of mass droplet shows 
motion towards the larger one, in agreement with the simulations. 
 
To study the effect of confinement, where a small amount of liquid is exposed to differing 
values of ambient humidity on each side, a method to coat the inside of thin tubes with 
SOCAL is developed. A small liquid slug is placed in a SOCAL coated thin tube where each 
end is exposed to high and low ambient humidity, respectively. Although there are still 
challenges to overcome in the resistance present inside the thin tubes, results show that the 
liquid edge that recedes is not the dry one as we would expect, but the humid one. This 
indicates that the relative humidity controlled spreading of liquid inside thin tubes has the 
potential to induce motion towards regions with low ambient humidity. 
 
The results presented in this thesis expand our understanding of the interaction between 
ultra-smooth surfaces, such as SOCAL, and liquid droplets. Additionally, the simulation and 
experimental findings of droplets interacting with humidity gradients serve as proof of 
concept for hygrotaxis and motivate the continued study into this effect. 
 
 

 

 

 



Abstract

Tactic behaviour is understood as the ability of a system to sense and respond to external

stimuli. This tactic behaviour is present in many complex systems, many of which can be

found in nature. Tactic systems are able to sense external stimuli (for example, chemical or

temperature gradients) and convert this sensory information into large-scale self-propulsion.

This PhD thesis aims to explore a transformative concept for tactic behaviour in soft-matter

physics and smart-materials engineering called hygrotaxis, defined as the motion of a droplet

on a solid surface caused by the presence of a humidity gradient.

The interactions present in this effect give rise to very small forces. Hence, experiments are

carried out on Slippery Omniphobic Covalently Attached Liquid-like (SOCAL) surfaces, a type

of ultra-smooth surface which exhibits remarkably low contact angle hysteresis (< 3◦). Base

studies on the evaporation dynamics of water droplets on ultra-smooth surfaces show that

SOCAL was successfully grafted into glass substrates. Studies of the contact angle hyster-

esis on these surfaces shows there are different friction regimes that make measurement

of contact angle hysteresis challenging. Hence, a novel method of characterisation of ultra-

smooth surfaces is developed to use the relaxation of interfaces to measure contact angle

hysteresis on SOCAL surfaces. The relaxation times obtained in these studies allow for the

analysis of the physical mechanisms guiding the motion of the droplet, which depends on the

kinematics of the contact line rather than the hydrodynamics.

Lattice Boltzmann simulations are implemented to study the effect of humidity gradients on

liquid droplets inside a square channel. Base simulations show that the Lattice Boltzmann

algorithm is accurate in modelling the dynamics as predicted by the Cahn-Hilliard equation.

Gradients inside the channel are generated by introducing a chemical potential difference in

the ambient phase. These simulations show that chemical potential gradients are able to affect

the liquid-gas interface, generating surface flows that guide the droplet towards more humid

environments.

Based on the findings in this thesis, two experimental approaches are developed to study

hygrotaxis. The first approach aims to generate a gradient in relative humidity by placing two

droplets of significantly different sizes in close proximity (∼ 0.1mm) in an ambient relative

humidity of 10%. The effect observed is a consistent displacement of the centre of mass

of the small droplet towards the larger one. Comparisons between experiments and simu-

lation show an overall agreement in the behaviour of the droplet in such configuration. The

second approach consists of separating the exposed surface of a small amount water into

two different interfaces. This is done by developing a method to coat and characterise the

inside of glass capillary tubes with the SOCAL coating. Comparisons between coated and

vi



uncoated samples show that SOCAL has been successfully applied, exhibiting contact angle

hysteresis measurements of 2.9◦ ± 1.9◦. Although pinning events are prevalent in SOCAL

coated samples, evaporation of 2µL liquid slugs indicate the possible existence of a pressure

driven effect which drives the contact line to recede from the humid side rather than the dry

one. Even though improvements in the experiments still have to be implemented, these results

are motivating and serve a proof of concept for future studies.

The methods and the results presented in this work improve our understanding of the interac-

tion of water droplets, ultra-smooth surfaces and relative humidity gradients.
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Lay Summary

The study of the interaction between liquid droplets, solids and their environments forms

an essential part of nature and our everyday lives. Examples of the importance of these

interactions are numerous in nature, from animals such as ducks, which have developed water

repellent feathers, to small desert beetles that use the small bumps on their bodies to gather

water from the morning dew in the desert dunes. The advancement in our understanding of

these types of interactions has enabled us to manipulate surfaces that allow liquids to slide

without resistance, which allows us to create simple commodities such as raincoats to more

complex applications such as self-cleaning and antibacterial surfaces.

Over the years, we have taken inspiration from the beginning of life in our planet to try to

explain how some of simplest organisms, such as cells, use chemical signals to guide their

motion automatically towards sources of food. One can extend the ideas drawn from these

systems to liquid droplets that use different spreading and chemical strategies to achieve

self-propulsion. As our understanding behind these mechanisms progresses, we are able

to develop remarkably effective surfaces that produce spontaneous droplet self-propulsion

without the need of supplying an external source of mechanical energy.

In this thesis, I study a special case of self-propulsion named ”Hygrotaxis”, referring to the

motion generated by differences in the ambient humidity. The forces involved in this interaction

are very small, which is why determining a suitable low friction surface where droplets can

overcome static friction becomes a key challenge. Hence, this thesis begins by studying the

interaction between water droplets and a low-friction surface named “Slippery Omniphobic

Covalently Attached Liquid-like” (SOCAL) surface. This study sheds light on the statics and

dynamics of motion of liquids in low friction surfaces such as SOCAL, which requires an

exceptionally low force to initiate motion of a liquid droplet but its motion is surprisingly slow.

This makes classical ways of quantifying these forces challenging. In this work, a novel

method is developed to improve the accuracy of this measurement by using the relaxation

of a droplet after it is inflated or deflated. Experiments show that droplets on SOCAL surfaces

change their spreading behaviour depending on the ambient humidity, supporting that SOCAL

surfaces are a prime candidate in the study of hygrotaxis.

To complement the experimental results, I carry out numerical simulations using the “Lattice

Boltzmann Method” to model a droplet evaporating in a humidity gradient. The results show

that the driving mechanism of hygrotaxis is attributed to the Marangoni effect, the same effect

that creates the tears of wine in glass cups.
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In the last part of this thesis, I apply the findings from the studies on SOCAL surfaces and the

Lattice Boltzmann Method simulations to practical approaches. When a very small droplet is

placed next to one over ten times its size, the small one is trapped between the vapour field

of the larger one and the ambient humidity, effectively creating a humidity gradient around

the small droplet. The results of this experiment show that the small droplet evaporates at a

rate much slower than the one predicted by the corresponding ambient humidity, confirming

the influence and the generation of a humidity gradient around the droplet. Most significantly,

however, under these conditions the centre of mass droplet shows motion towards the larger

one, in agreement with the simulations.

To study the effect of confinement, where a small amount of liquid is exposed to differing

values of ambient humidity on each side, a method to coat the inside of thin tubes with SOCAL

is developed. A small liquid slug is placed in a SOCAL coated thin tube where each end is

exposed to high and low ambient humidity, respectively. Although there are still challenges

to overcome in the resistance present inside the thin tubes, results show that the liquid edge

that recedes is not the dry one as we would expect, but the humid one. This indicates that

the relative humidity controlled spreading of liquid inside thin tubes has the potential to induce

motion towards regions with low ambient humidity.

The results presented in this thesis expand our understanding of the interaction between

ultra-smooth surfaces, such as SOCAL, and liquid droplets. Additionally, the simulation and

experimental findings of droplets interacting with humidity gradients serve as proof of concept

for hygrotaxis and motivate the continued study into this effect.
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Figures

2.1 Molecules in and out of equilibrium. Schematic showing the attractive forces

that water particles experience at a molecular level. Inside the bulk (a) of the liquid,

the molecules are in a stable state due to the attractive forces cancelling each

other but at the interface (b) there is at an imbalance of these forces, generating

the tension force known as surface tension. . . . . . . . . . . . . . . . . . . . . 9

2.2 Radius dependent Laplace pressure. A droplet with a smaller spherical radius,

R1, has a larger pressure P1 than the P2 which has a larger radius. Leading the

smaller droplet to coalesce with the larger one. . . . . . . . . . . . . . . . . . . 10

2.3 Spreading Parameter. When the spreading parameter, S, is greater or equal
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surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Forces defining the contact angle. The balance between the surface tension

of the liquid-gas (γ), solid-liquid (γSG) and solid-gas (γSL defines the equilibrium

contact angle (θe) and the shape the droplets rests on a surface. . . . . . . . . . 12

2.5 Capillary action: rise and descent of a liquid pillar. The behaviour of the liquid

encased inside the tube is determined by the imbibition parameter, I. When a) I is

positive, the liquid rises up the tube and when b) I is negative, the liquid descends.

The rise or descent of the liquid pillar describes the wetting properties, such as

the equilibrium contact angle, θe, at the interface of the liquid-solid-gas and is tied

to the height difference between the meniscus of the pillar and the surface of the

bulk of the liquid. This height is also known as Jurin’s height (H). . . . . . . . . . 14

2.6 Droplet on a tilted surface. At the onset of motion, the droplet has a advancing

receding contact angle, θA, and a receding contact angle, θR. . . . . . . . . . . . 15

2.7 Extreme effects of surface roughness in wetting behaviour. a) Cassie-Baxter

state and b) Wenzel state. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
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2.8 Liquid infused surfaces (LIS). Schematic of droplet sitting on a LIS which can

be completely coated (left diagram) or partially coated (right diagram) by the

lubricating layer, both cases exhibiting a wetting ridge between the droplet and

the lubricating layer. The insets in red show the possible interactions between

the liquid droplet: Complete wetting (top), partial wetting (middle), or separated

by the lubricating liquid completely (bottom). The interaction of the substrate and

the lubricating liquid are shown in the black insets: lack of lubricant (top), partially

coated (middle), and completely impregnated (bottom). Taken from ref [1]. . . . . 19

2.9 Droplet motion on low hysteresis surfaces Experiments of moving droplets at

tilt angles, θtilt , of 5◦ and 15◦. a) Superhydrophobic surfaces, b) SOCAL surfaces

and c) LIS. Figure adapted from Dan Daniel, et al [2] . . . . . . . . . . . . . . . 21

2.10 Free and limited diffusion evaporation. a) Isotropic evaporation of a suspended

droplet. b) diffusion limited evaporation due to the interaction with a solid surface. 22

2.11 Ideal evaporation modes. a) Constant Contact Radius (CCR) mode, the base

radius of the droplet remains constant throughout the evaporation. b) Constant

Contact angle (CCA) mode, the contact angle remains constant throughout the

evaporation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.12 Helmholtz free energy of a binary mixture. a) Free energy minimum corres-

ponding to the phase defined by φ =−1. b) Region where the mixture is in phase

coexistence, −1 < φ < 1. c) Free energy minimum corresponding to the phase

defined by φ = 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.13 Visualization of the sharp and diffuse interface approximations. a) Sharp

interface approximation. b) Diffuse interface approximation. . . . . . . . . . . . . 30

2.14 Scale of computational approaches to CFD. a) Classic CFD uses macroscopic

quantities to describe the motion of the fluid, example image taken from Alhamad

et al [3]. b) The Lattice Boltzmann Method uses discrete particle populations

(black arrows) around lattice nodes (green squares) to model fluid motion. c)

Molecular dynamics aims to track the kinetic behaviour of all individual particles

in time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.15 Wettability gradient driven motion. Droplet sitting on a surface with a wettability

gradient (Colour gradient). a) On the wettability gradient, the contact points of

the droplet have different values for the equilibrium contact angle, θe,l for the left

contact point of the droplet of the droplet and θe,r for the right contact point. b)

Droplet motion is generated to compensate for the laplace pressure difference. . 37
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3.1 Humidity chamber schematic. a) The airflow is split into 2 lines, a humid air line

and dry air line. b) The humid air line is regulated by a stepper motor controlled

valve. c) dry air line regulated by a stepper motor controlled valve. d) Microcon-

troller regulating the air valves. e) The humid air line is saturated by passing air

through water reservoir inside a gas washing bottle (blue circle). f) After saturation,

large droplets in the air are captured in a second empty gas washing bottle (white

circle). g) The humid and dry air lines merge into one to provide the humidity

chamber with the air source. h) Relative humidity and temperature sensor con-

trolling the stepper motors through the use of the microcontroller. . . . . . . . . . 44

3.2 SOCAL process diagram. The surface of the clean sample is activated using

exposure to air plasma, this opens surface OH radicals. The sample is dipped

into the SOCAL solution which begins the condensation of PDMS chains on the

surface. Once the chains have been created, the surface is rinsed from any acid

and left over reactive agents. This leaves a hair-like flexible nanometric coating on

the surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3 Volumetric variation method. a) Sessile droplet on solid surface. b) Inflation of

the droplet by pumping in liquid through the needle. c) The droplet reaches θA

and begins to move. d) Static droplet after pump-in period is stopped. e) Deflation

of the droplet. f) The receding angle, θR is reached and the contact line moves. . 49

3.4 Schematic of typical ∆θ measured with the volumetric variation method.

The advancing angle θA is obtained by relating it to the onset of motion of the

contact line in the pump-in period (dashed arrow in pump-in region). Analogously,

the receding contact angle θR is defined as the instance in time where the base

radius starts to retract (dashed arrow in pump-out region). The interval defined by

these two limits is the contact angle hysteresis ∆θ . . . . . . . . . . . . . . . . . 49

3.5 Sliding angle method. a) Droplet sitting flat on a surface at θe. b) The surface

is gradually tilted at an angle θtilt , changing the value of the left and right con-

tact angles, θl and θr. In the case shown here θl < θr. c) When the contact

angles reach the advancing and receding configuration, θA and θR, the tilting

angle reaches the sliding angle, θtilt = α , which forces the droplet slide downwards. 52

3.6 Contact angle relaxation method. a) Static droplet of fixed volume and static

contact angle. b) Droplet is inflated a a fixed flow rate. c) Droplet is left to relax to

the upper-bound stable configuration, θA. d) Static droplet after inflation. e) Liquid

is pumped-out of the droplet to force the contact line to recede. f) Droplet relaxes

to the lower-bound stable configuration, θR. . . . . . . . . . . . . . . . . . . . . 53

3.7 Contact line relaxation method. a) Advancing and receding relaxation regimes

from a sample set of data. b) Exponential fits of the advancing and receding

relaxation regimes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
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3.8 Schematic of experimental setup to measure CAH on capillary tubes. a)

Arduino Uno microcontroller used to control stepper motor for the linear stage. b)

Linear stage: Stepper motor (green) turns threaded metal bar with sample holder

(yellow) which allows z-direction motion. c) SOCAL coated capillary tube sample

(20mm in length). d) De-Ionized water reservoir (18MΩ− cm). e) LED white light

source with diffuser. d) IDS camera running at 20 fps. . . . . . . . . . . . . . . 55

3.9 Experimental method for Contact angle hysteresis on SOCAL coated capil-

lary tubes. The sample is lowered until the contact line of the water pillar starts to

move, (a).The sample is then lowered further at a speed of 25 mm/s and stopped

when the interface starts to move. The sample is let to relax for 120 s for the

contact line to stabilize, (b). The sample is then lifted at 25 mm/s and stopped

when the interface moves again. The interface is left to relax another 120 s, (c). . 56

3.10 Fitting of the contour of a droplet using the Python Droplet Shape Analyzer

(PyDSA) software. a) Image of a droplet extracted from the IDS CCD camera. b)

Selection of regions of interest (red rectangle), baseline (blue line) and length

scale (green dots). c) Identified contour (green dots) using the Canny edges

algorithm. d) Zoomed up image of contour of interest. e) Third degree polynomial

fitting to the contour of the droplet. f) Zoomed up image of the fitting of the interface. 57

3.11 Jurin’s height determination. a) Image of capillary tube submerged in water.

H is determined by the difference between the base line (horizontal yellow line)

and the meniscus of the liquid front(vertical yellow line). b) Zoomed image of the

base of the capillary tube. The two points where the liquid stops being deformed

by the solid (red circles) indicates the surface of the liquid, i.e., the baseline. c)

Zoomed image of the liquid-gas interface inside the capillary tube. The meniscus

is identified by the green circle. . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.12 Contour fitting of simulation data. a) Contour where φ = 0, defining the inter-

face of the simulated droplet. b) Zoomed image of the contour points close to

the solid interface. c) Ellipse fitted the contour of the droplet and contact angle

measurements obtained from tangents at the triple point. d) Zoomed image of the

tangent obtained according to the ellipse. . . . . . . . . . . . . . . . . . . . . . 60

4.1 Krüss Droplet Shape Analyzer 25 (DSA25). Schematic of the Krüss Droplet

Shape Analyzer (DSA). a) Water droplet resting on a SOCAL surface. b) Mi-

crometric dosing system adapted to the body of the DSA. c) CCD camera from

IDS taking images at 20 fps. d) Commercial temperature and humidity chamber

(TC30) from Krüss. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
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4.2 Constant contact angle (CCA) mode of evaporation on SOCAL surfaces. a)

Typical evaporation sequence showing the evolution of the mean contact angle of

the droplet and the calculated contact area of the droplet. b) Figure taken from

Armstrong et al [4] showing the typical behaviour of constant contact angle mode

evaporation on SOCAL surfaces. c) Plot of the mean contact angle as a function

of volume loss, the dashed lines indicate the region of interest as per ref [4]. d)

Decay of contact area in time in the region of interest with linear fit. . . . . . . . . 67

4.3 Experimental procedure. (a) A droplet of controlled initial volume V is placed on

a SOCAL surface and connected to a micropump through a thin needle. (b) and

(c) The micropump injects or withdraws liquid at a prescribed flow rate q̇ (vertical

arrows). The instantaneous apparent contact angle, θ , and base radius, r, are

measured using image analysis. The scale bar is 1mm. . . . . . . . . . . . . . 72

4.4 Apparent contact angle and base radius measurements at high relative hu-

midity. Graph of a typical experimental set of data performed at a constant flow

rate q̇ = 10µl/min at T = 25 ◦C and a RH = 94%. The zoomed-in regions show

how the smooth transition from a static to a moving contact line introduces uncer-

tainty in the measurement of the advancing and receding angles. . . . . . . . . . 73

4.5 Effect of flow rate on the apparent contact angle. (a-c) Variation of the contact

angle at different flow rates. (d) Overlap of the experimental data. The apparent

contact angle relaxes to constant values which are independent of the flow rate.

The difference between these values is identified as the contact-angle hysteresis. 74

4.6 Influence of relative humidity on the apparent contact angle and the base

radius. (a-c) Variation of the apparent contact angle at RH = 94%, 50% and

30%, respectively. (d-f) Corresponding change in the droplet base radius. . . . . 75

4.7 Close up to onset of motion on the contact line. Zoomed plots from Figure 4.4.

a) The advancing configuration of the contact line. b) the receding configuration

of the contact line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.8 Instantaneous measurements of the contact angle vs and contact-line velo-
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5.2 Cahn-Hilliard prediction vs Lattice Boltzmann simulations. Graph showing

the comparison of the evolution of the radius of the droplet over time. The differ-

ences that are observed between the 2 lines can be justified by the difference that

in the simulations, difference between µH and µi is not constant as it is taken in

the construction of the theory. . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
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0, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . 88
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5.5 Chemical gradient regimes. a) Evaporation-evaporation regime where µl =−19.6
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condensation regime where both values of the chemical potential differ but are
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5.6 Equilibrium-evaporation (EQE) gradient. a) Shows the evolution of the centre
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5.8 Dynamics of Hygrotaxis. a) Evolution of centre of the droplet and the contact
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of the velocity field inside the domain of the simulation. The flows are strongest

close to the interface of the droplet and generate vortices that propagate inside

the droplet. d) Local surface tension, γ(s) = 3γ0(∇φ)√
8

, along the interface of the

droplet. s are the points in space of the interface of the droplet . . . . . . . . . . 97
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6.1 Experimental procedure for hygrotaxis evaporation. The temperature and re-

lative humidity are lef to stabilize to 20± 0.2 ◦C and 10%± 0.5%, respectively.

a) 0.08± 0.03µL droplet (small droplet) placed beside a larger 8 µL droplet. b)

Intermediate picture of the total evaporation time. c) Final position of the droplet

before evaporating completely. For (b-c), the red dotted contour represents the
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Evolution of the mean contact angle (θm) and the contact area of the droplet.

The green dashed lines encase the region of interest. b) Plot of the left and right

contact angles. c) Mean contact angle and contact area in the region of interest.

d) Linear fit to the change in contact area of the droplet. e) Evolution of the contact

points and centre of the droplet. f) simulation of a droplet evaporating in chemical

potential gradient of µl =−9.1 µsim/µc and µr =−76.1 µsim/µc. . . . . . . . . . 111

6.3 Averaged results of 5 evaporation runs. a) Evolution of the centre and contact

points of the droplet. b) Linear fits of the data. c) Evolution of the contact angle in
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The shaded regions in the graphs represent the standard error. . . . . . . . . . . 113

6.4 Normalized graphs for the evolution of the contact points and the centre

of the droplet. The normalization is done according to the initial radius (ri) for
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d) SOCAL coated capillary tube where a liquid column is placed in the middle. e)

Sample holder to ensure that capillary tube is horizontally level and aligned with

dry reservoir. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.6 SOCAL capillary tube evaporation experiments. a) Snapshots of the initial

state (top image) and the state of the droplet after 50 minutes (bottom image).
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6.7 Linear fits for evaporation evolution. Figure showing the linear fits for the data

for the centre of the droplet, the right contact point and the left contact point. The

velocities associated with the fitting parameters are −4.9 × 10−5 ± 1.8 × 10−7
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6.3 Contact angle measurements using Jurin’s height on SOCAL and glass ca-
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Chapter 1

Introduction

Capillarity and wetting is the study of the interaction of the interfaces of multiple immiscible

fluids and their behaviour on solid surfaces [5]. These type of phenomena have come to

form a integral part of our lives and the natural world. From the capillary forces involved in

the transport of water inside the tallest of trees to the water repellent aspects of a raincoat

on a rainy day, this field offers fundamental understanding of science and moves technology

forward [6, 7].

Over the years, special interest in the accurate control and manipulation of droplets in small

scales has been developed due to their potential applications in the food industry, heat transfer

systems, medicine, water harvesting and fundamental science [7, 8]. This interest has been

enhanced by the advancement in the ability to manipulate the chemistry and the topography of

surfaces which enable the precise control of wetting behaviour of liquid droplets on them [9].

Additionally, research into surface engineering has allowed for the development of solid sur-

faces that exhibit remarkably low friction to the motion of droplets [2]. When the scale of the

droplet is below the influence of external forces, such as gravity, and surface interactions are

reduced to quasi-ideal interactions, molecular forces like surface tension become dominant in

the behaviour of the droplet. This allows the study of the forces generated by changes in the

surface energy between the solid-liquid and the liquid-gas interface to induce self-propulsion

of droplets on surfaces. This type of surface tension driven motion can be described as

tactic behaviour of liquid. Examples of self-propulsion of droplets can be seen in effects such

as chemotaxis, the motion induced by chemical gradient stimuli [10, 11], magnetotaxis, the

motion generated by electromagnetic gradients in magnetic sensitive droplets [12], durotaxis,

the motion induced by surface rigidity gradients [13], and Marangoni driven motion generated

by the difference in surface tension between binary mixtures [14, 15].

In this thesis, focus is directed to an effect named in this work as Hygrotaxis. This effect is

defined as droplet self-propulsion generated by relative humidity gradients, also referred to

as vapour gradients, in the ambient phase of the same species as the liquid droplet. In the

literature, there are reports that show that vapour gradients can induce motion of droplets on

surfaces generated by surface tension differences which induce Marangoni flows that drive

the motion of the droplet [7, 15, 16]. However, this type of vapour driven motion has only

1
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been achieved through high surface energy interactions caused by significant surface tension

differences in binary mixtures of liquids of different surface tensions [15–18]. The novelty of

hygrotaxis lies in the potential motion produced by surface tension changes generated by the

effects induced by a vapour field of the same species as the liquid droplet. Since the forces

generated by these interactions are normally smaller than the forces needed to overcome

the lateral resistance of the surface, ultra-smooth surfaces offer great potential to study this

type of systems. Hence, this thesis studies the effect of relative humidity gradients on water

droplets on a novel ultra smooth surface called Slippery Omniphobic Convalently Attached

Liquid-like (SOCAL) surface. This type of motion has the potential to be used in optimization

of heat trasfer systems via the easy shedding of droplets from cooling surfaces and for water

harvesting systems.

This thesis starts by providing a general overview of the key concepts and relevant literature

necessary to approach this problem. A section devoted to wetting an capillarity reviews con-

cepts such as surface tension, the force that originates from the cohesive nature of molecular

interactions, which plays a key role in the study of droplets. These forces give rise to effects

such as droplet spreading and explains the origin of the concepts of inner pressure in liquids

and capillary effects stemming from the fundamental forces of surface tension. Another aspect

that determines the behaviour of liquid droplets on surfaces is the effect of surface chemical

and topographical heterogeneity in the lateral motion of droplets. The origins of these resistive

forces is discussed, and strategies to overcome these resistive effects are presented.

An important consequence of relative humidity gradients is the phase change produced by

the constant thermodynamic exchange of liquid molecules between the ambient and the liquid

phases. A review on the theory of phase transitions is provided which looks into diffusion lim-

ited evaporation, evaporation driven contact line behaviour on rough and smooth surfaces, and

phase transition approximations. An overview of the Lattice Boltzmann Method is presented,

giving a general description into how problems are approached using this numerical solver

for computational fluid dynamics. Chapter 2 finishes with an overview of the known mechan-

isms of self-propulsion of droplets on solid surfaces, which focus on wettability gradients and

surface tension gradients as driving forces in this motion.

Chapter 3 presents the materials, methods and experimental techniques used throughout

this study. Substrate cleaning procedures are outlined and a humidity chamber is built to

control the relative humidity conditions in surface production. The procedure to create Slip-

pery Omniphobic Covalently Attached Liquid (SOCAL) surfaces is detailed, where an acid-

catalyzed chemical reaction induces the deposition of nanometric polymer chains on the

surface, leaving an ultra-smooth coating. In order to characterise friction on surfaces, contact

angle hysteresis, ∆θ , measurements based on the wettability of droplets on solid surfaces

are done by determining the advancing, θa, and receding, θr, contact angles. Hence, relevant
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surface characterisation techniques are presented in detail, where the focus is directed to

the characterisation using the volumetric changes and tilting of a surface induce the motion

of droplets. Initial measurements using the volumetric variation method shows contact angle

hysteresis measurements are comparable to those reported in literature.

A fundamental aspect of contact angle hysteresis measurements is the ability to obtain mor-

phological parameters of the droplet from images or video recordings. The fundamental para-

meters that need to be acquired for this study are the contact angle measurements at the

contact points of the droplet and measurements of the base radius of the droplet. Hence, a

description into the imaging processing techniques is done focused on the fitting of the contour

of the droplet and interpolation techniques to measure these key parameters.

Chapter 4 presents a study of the static and dynamic friction on SOCAL surfaces. Evaporation

experiments are performed on SOCAL surfaces which show constant contact angle evapora-

tion, reflecting high surface homogeneity, comparable to results reported in the literature. Con-

tact line friction on SOCAL surfaces presents unique behaviour when compared to other low

hysteresis surfaces. While they exhibit very low contact angle hysteresis (∼ 2◦), the contact

line on these surfaces moves much slower than on superhygdrophobic or lubricated surfaces.

This behaviour can be appreciated in the onset of motion of the contact line, where the base

radius of the droplet undergoes a smooth transition from static to dynamic configurations.

This behaviour negatively impacts current surface characterisation techniques based on the

measurement of contact line motion and it is shown that this behaviour translates to errors

that are of the same order of the contact angle hysteresis measurement itself. To provide more

accurate measurements on contact angle hysteresis on SOCAL surfaces, a new method is

developed by observing the relaxation to equilibrium of a relaxing contact line. An exponential

fit to this relaxation allows for the asymptotic measurement of the advancing and receding

contact angles, resulting in a more robust and accurate measurement of contact angle hys-

teresis on SOCAL surfaces in high relative humidity environments. The fitting parameters of

this method are then used to obtain experimental relaxation times which are compared to the

hydrodynamic theory [19], based on viscous stresses and surface tension, and the Molecular

Kinetic Theory (MKT) [20] based on the kinematic attributes of the contact line. The results

shows that contact line of water droplets on SOCAL surfaces follow the prediction set by

the MKT more accurately, highlighting the importance of the surface morphology for moving

contact lines. This provides insight into the motion mechanism of liquids on SOCAL surfaces,

providing an explanation as to why SOCAL surfaces exhibit such relationship between static

and dynamic configurations.

The Lattice Boltzmann Method is used in Chapter 5 to simulate a 2D droplet undergoing

phase transition in different chemical potential gradients. To ensure that the Lattice Boltzmann

Method was modelling phase transition correctly, benchmarking simulations are done for a

droplet evaporating on a solid surface. The results show agreement between the theory and
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the simulations, confirming their accuracy. Then, simulations are done in a confined domain

which emulates a droplet in a small square channel exposed to different chemical potential

gradients. The gradients explored are a combination of chemical potential which induce the

differential evaporation or condensation of liquid fronts. In this chemical potential regimes,

motion of the centre of mass of the droplet is observed in all cases, with the most prominent

motion located in the regimes the condensing and evaporating fronts are combined. Analysis

of the velocity fields and surface tension values at the interface of the droplet shows that a

surface gradient generates flows inside the droplet that enable it to move towards regions

of higher values of chemical potential. A comparison of the advective and diffusive transport

rates shows that the motions of the droplet is indeed caused by a driving force coming from

advective motion rather than diffusive one, as is the case for differential evaporation. Thereby

confirming that under a chemical potential gradient, hygrotaxis is possible. Additionally, stud-

ies done at varying viscosities show that this effect is not significantly affected since the

translation of the droplet is not affected. However, there are significant effects on the lifetime

of moving droplets when the thickness of the channel is changed, where the rectification of

the flux field around the droplet limits the rate of evaporation while keeping the surface tension

effect active and allowing for longer self-propulsion of droplets.

Chapter 6 is focused on preliminary experimental approaches to expose the interface of a

small body of liquid to a difference in relative humidity. The first approach is a case similar

to the ones done in the simulations, where a small droplet (∼ 0.08µL) is left to evaporate at

a relative humidity of 10% near a larger one, effectively creating a relative humidity gradient

around the small droplet. Although more experiments are needed, the results of these experi-

ments are motivating since displacement of the centre of mass of the droplet is observed in all

experimental trials. Initial comparisons between experiments and simulations show a similar

trend to a droplet evaporating in a regime where there are different rates of evaporation on

each side.

The second experimental approach in this chapter focuses on separating the interface of a

small body of water into two interfaces exposed to different values of relative humidity. To

achieve this, a method to coat the inside of thin capillary tubes (inner diameter = ∼ 1mm)

is developed. To characterise the samples made, a surface characterisation method based

on the contact angle relaxation method and capillary action laws are used to determine the

contact angle hysteresis inside the tubes. The contact angle measurements show contact

angle hysteresis values similar to those measured in flat substrates. An experiment to expose

both ends of the SOCAL capillary tubes is designed by creating a dry reservoir using silica

beads which drive the relative humidity down to < 5% on one side of the tube and exposing

the other end to the environmental humidity chamber set to a relative humidity of 94%.

Experiments showed that there was significant presence of pinning during the evaporation of

the liquid inside the capillary tubes. However, when pinning did not present an issue, the liquid
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slug inside the capillary tube preferentially evaporates on the humid side rather than the dry

side, which is unexpected. Such results suggest to the possibility of a Laplace pressure driven

effect stopping the dry contact line from receding. Although more experiments are needed to

confirm these effects, Chapter 6 serves as a base study to continue researching hygrotaxis in

the future.

Finally, a general summary and reflection on future work is provided in Chapter 7.



Chapter 2

Theoretical framework and literature

review

This chapter explores the relevant theoretical framework for the work presented in this thesis

in order to provide a basis for the research of hygrotactic fronts. The topics in this section are

the theory of wetting and capillarity, the origin and characterization of contact line friction, the

evaporation mechanics on surfaces of liquid droplets, multiphase fluid, the Lattice Boltzmann

method and approaches to tactic phenomena.

Wetting and capillarity play a fundamental part in interfacial fluid mechanics, particularly in

the research of droplets, their interactions with solids and the forces driving the behaviour of

the droplets. How a liquid moves on the surface is dictated by the properties of the liquid-solid

interaction. These interfacial interactions have significant implications and consequences in

the mechanics of a fluid, paving the way to concepts such as surface tension, capillary action,

contact line friction and even influence the dynamics of evaporation and condensation of a

droplet on a solid surface.

2.1 Hygrotaxis

Tactic behaviour, the ability of a system to sense and respond to external stimuli, underpins

the dynamics of many complex systems, for instance in biology. Biological tactic behaviour

consists of (i) an ability to sense external stimuli (e.g., concentration or temperature gradients),

and (ii) a transducing mechanism to convert sensory information into large-scale motion. Bio-

tactic mechanisms can increasingly inform developments in smart-materials science, from

artificial swimmers [14] inspired by bacterial magnetotaxis [12] to self-propelling droplets on

surfaces with rigidity gradients [13] motivated by cell durotaxis [21].

Hygrotaxis is defined as the motion caused by the presence of a humidity gradient, where

evaporating or condensing liquid fronts on low-friction surfaces are capable of transducing

humidity gradients into large-scale motion.

6
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To understand hygrotaxis, one must look at key concepts governing liquid behaviour, par-

ticularly at small scales. Droplets which are smaller than the “capillary length" overcome

gravitational forces, leaving interfacial interactions as the most prominent forces ruling droplet

behaviour, which is why understanding wetting, capillarity and evaporation phenomena be-

come of special importance.

Understanding wetting and capillarity, for both liquids and surfaces, enables us to explain

phenomena such as why water spreads easily on glass but not on plastic. By using changes

in chemistry and topography, one can create surfaces to “control" this effect, for instance, by

turning a non-wettable solid into a wettable one, and viceversa.

Wetting, as a research area, refers to the study of how a liquid deposited on a substrate (solid

or liquid) spreads out [5]. It has important academic and practical applications, for example,

in the chemical industry, the food industry, soil science, inflation of lungs and sap rise in

plants [5, 22]. Surfaces are crucial in this study since both chemical and physical properties

of the surface dictate the way a given substance will behave on it, if it will spread, pin or slide

on it.

Finally, evaporation is not only of great relevance in fundamental terms but also offers a wide

range of applications today that range from pesticide spraying, DNA microarray analysis, ink

jet printing and many more [23]. It is a phenomenon that we see everyday, from starting

the day with a hot shower or looking at the cloud spotted skies. Evaporation occurs due to

the difference in saturation of liquid molecules around the liquid’s body [24]. A liquid loses

molecules to collisions and inner pressure which allow particles to go beyond the interface of

the droplet and join the less saturated environment [25].

All of these concepts and phenomena will play a key role in the observation and studying

of an effect such as hygrotaxis and, conceivably, explain the underlying mechanisms in this

phenomenon.

2.2 Wetting and capillarity

Consider a liquid coming in contact with a solid surface. Experience tells us that the liquid will

spread on the surface. However, not all liquids spread in the same way, some will spread into

a film, similar to when water is immediately absorbed by the soil in our plant pots, and others

will spread into puddles or droplets, like when rain falls on our raincoats. The reason liquids

spread on surfaces is strongly linked to the intermolecular interactions between the interfaces

and the degree of spreading is known as wetting.
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Studying and manipulating this phenomenon provides us with fundamental understanding of

the physics of interfaces and comes at the benefit of many industrial applications, making

this topic particularly significant and relevant to our every day lives [26]. Some of the most

prominent applications of this field of study include inkjet printing [27], heat transfer [28] and

oil recovery [29]. Recent advances in the understanding of wetting have allowed the creation

wetting systems that use capillarity effects to achieve self propulsion of droplets such as

vapour driven motion of droplets [15] and rigidity gradient driven motion droplets [30–32].

2.2.1 Surface tension

A key concept involving interfacial interactions between substances is a physical quantity

known as surface tension. All condensed matter, regardless of what state of matter they are

in (liquid, solid or gas), are formed by an agglomeration of molecules or particles. The state

of matter is determined by the degree of movement of particles, regulated by the cohesive

forces keeping them together.

These forces at molecular level help keep the individual molecules together [33] and are the

reason why surface tension exists. A good way to envision surface tension is by imagining

a liquid droplet suspended in the air, similar to Figure 2.1. The liquid forming the droplet

is an arrangement of condensed molecules held together by cohesive forces, mainly weak

forces of the Van der Waals type [5]. The droplet’s surface is similar to a stretched membrane

that interacts with the surrounding environment. Inside this membrane, the liquid molecules

are in a minimum state of energy since the cohesive forces affecting them are cancelled in

every direction, as can be seen in Figure 2.1(a). At the membrane, however, molecules face

an unfavourable energy state since the amount of cohesive forces holding them together is

roughly halved, this forces the molecules to minimize the surface area of the interface. This

imbalance of forces at the surface drives the liquid to deform into the shape that is most

effective in reducing the surface area, a sphere.

Surface tension, denoted as γ , is formally defined as the energy that must be supplied in order

to increase the surface area by one unit [5, 33]. From this definition, at a constant value of

temperature, volume and number of molecules, one can link the increase in surface area (A)

to the free energy (F) as:

γ =

[
δF
δA

]
T,V,n

, (2.1)

where T is the temperature, V is the volume and n is the number of molecules. This quantity

reflects the energy it takes for a substance to adopt a certain shape and can also be referred

to as the free surface energy or a force per unit length at which one phase opposes the other.

As an example, the surface tension of water surrounded by air at 25◦C is 72.8mNm−1.
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Figure 2.1: Molecules in and out of equilibrium. Schematic showing the attractive forces
that water particles experience at a molecular level. Inside the bulk (a) of the liquid, the
molecules are in a stable state due to the attractive forces cancelling each other but at the
interface (b) there is at an imbalance of these forces, generating the tension force known as
surface tension.

2.2.2 Laplace pressure

If we look at Figure 2.1(b) and localize a single molecule at the surface of the liquid, then

there is a net force normal to the surface due to the imbalance on forces located there, which

induces an overpressure known as the Laplace pressure [5]. In the case of our water droplet

suspended in the air, since the shape is not changing then the total work done on the surface

is zero, hence,

δW = pwdVw − padVa + γdA = 0, (2.2)

where pw is the pressure inside the water droplet, pa is the pressure exerted by the air, Vw

is the volume of the water droplet, Va is the air volume and γ is the surface tension of the

water/air interface. Expressing equation 2.2 in terms of the radius of the droplet, R, allows us

to obtain the following expression for the laplace pressure for spherical droplets [5],

∆p = pw − pa = 2
γ

R
. (2.3)

This equation can be generalized to any shape by taking a infinitesimally small displacement,

dR, leaving us to Laplace’s law which says that the increase in hydrostatic pressure, ∆p, which

occurs upon traversing the boundary between two fluids is equal to the product of the surface

tension γ and the curvature of the surface C = 1
R + 1

R′ [5]:

∆p = γ

(
1
R
+

1
R′

)
= γC, (2.4)

where R and R′ are the main radii of curvature of the surface.



2.2. Wetting and capillarity 10

R1 R2

P1

P2

P1 > P2

Figure 2.2: Radius dependent Laplace pressure. A droplet with a smaller spherical radius,
R1, has a larger pressure P1 than the P2 which has a larger radius. Leading the smaller droplet
to coalesce with the larger one.

The Laplace pressure has a variety of consequences, for instance, it is the reason why

small droplets will always merge towards bigger droplets since the overall pressure inside

the small droplet is greater than the pressure inside the bigger droplet as can be appreciated

in Figure 2.2. It is also explains why smaller droplets evaporate more rapidly than larger ones,

as happens when using aerosols [5], and why capillary bridges can form strong adhesion, for

instance when hair clumps together when wet or when wet sand can be shaped into sand-

castles at the beach.

2.2.3 Spreading Coefficient

Currently, all of the concepts reviewed have assumed that the only relevant forces stem from

the interaction of the molecules in the liquid and gaseous phases. Consider a droplet of a

constant volume similar to the one shown in Figure 2.3, when we place the droplet on a

thoroughly cleaned piece of glass, the droplet spreads into a thin film. On the other hand,

if the same droplet is placed on a piece of plastic, we see that it beads up into a spherical

cap. This shows that there are two extremes of a liquid spreading over surface which are

regulated by the interaction of the free surface energies of the interfaces. The parameter

that distinguishes them is known as the spreading coefficient, denoted by S. This parameter

measures the difference between the surface tension of the solid substrate when dry and

wet. According to the spreading parameter, the difference between the energy per unit area

between the wet and dry states states is expressed as

S = γSG − (γSL + γ), (2.5)

where γSG is the surface tension of the Solid-Gas interface and γSL.

The regime when S ≥ 0 is called total wetting. This is when the combined interfacial energy

of the wetting state, γSL + γ , is lower than the surface energy of the Solid-Gas interface, γSG.

This results in the spreading of the liquid layer on the solid surface towards a liquid film driving

the contact angle, θe to zero [5].
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Figure 2.3: Spreading Parameter. When the spreading parameter, S, is greater or equal to
zero, the droplet spreads completely into a thin film on the surface. On the other hand, when
the droplet interacts with a surface with a negative spreading parameter, it forms a spherical
cap and rests at a given contact angle, θe, with the surface.

On the other hand, the regime when S < 0 is referred to as partial wetting. In this case, the

surface energy of the solid surface is higher when it is wet than when dry. This will cause

the droplet to spread into a spherical cap, which is resting on the surface at a particular θe.

A liquid is "wetting" if the contact angle lies between 0◦ < θe < 90◦ and "non-wetting" if the

contact angle lies between 90◦ < θe < 180◦. The case when the θe = 90◦ is referred as neutral

wetting.

2.2.4 Young’s Law

The spreading coefficient allows us to predict if the droplet will present complete or partial

wetting depending on the interaction of the surface tension of the liquid-solid-gas phases.

Consider a small droplet sitting on a perfectly flat and smooth surface, similar to Figure 2.4.

The shape of the liquid spherical cap is defined be the attractive forces of the relationship

of the surface tensions. Within the framework of classical thermodynamics, the equilibrium

state of the droplet is given by a minimum in the total surface energy of the system. This

corresponds to a spherical cap shape defined by an equilibrium contact angle θe, also known

as Young’s angle, which is determined by the Young-Dupré equation:

cosθe =
γSG − γSL

γ
, (2.6)

where γ is the liquid-gas surface tension, γSG is the solid-gas surface tension and γSL is the

solid-liquid surface tension.
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Figure 2.4: Forces defining the contact angle. The balance between the surface tension
of the liquid-gas (γ), solid-liquid (γSG) and solid-gas (γSL defines the equilibrium contact angle
(θe) and the shape the droplets rests on a surface.

Equation 2.6 describes the interaction between three phases of matter in the ideal case.

Consequently, θe is a unique characteristic physical quantity which corresponds to the balance

of interfacial forces given by a specific liquid-solid-gas system. However, in practice, there are

important considerations to be made such as the effect of gravity and the effect of roughness

on a solid surface.

2.2.5 Capillary length

Up to this point, the droplets we have used have ignored the effects of gravity. This force is

by no means trivial in wetting and fluid behaviour, in fact, gravity is the reason we normally do

not see big spherical caps (beyond a couple of centimetres) of any liquid on surfaces since

the pressure exerted by gravity on the liquid makes them flatten into the familiar puddle.

However, experience tells us that small droplets form perfectly spherical liquid caps when

resting on a surface. For instance, when we spill coffee and it splashes on the ground, the main

body of liquid is compressed into a pancake shape puddle while the small satellite droplets

form spherical caps. This shows the existence of a transition, a particular threshold in length

scale, where the forces of gravity become negligible and the interfacial forces dominate in the

shape of the droplet. This length is known as the capillary length and is commonly denoted

as κ−1 [5, 34]

It is possible to find a physical expression for this capillary length through dimensional ana-

lysis. At small length scales, the surface tension forces scale as a function of R, as we

discussed in the previous section. On the other hand, in larger length scales the gravitational

forces scale with mass of the liquid, which depends on the volume, R3, and the density of the

liquid, ρ . The ratio between gravitational and surface tension forces then scales as

ρgR3

γR
∼ R2. (2.7)
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As the length grows, the forces that dominate stem from gravity but as the lengths grows

smaller, it is the surface tension forces that take over. If these forces are equal then the

capillary length is defined as

κ
−1 =

√
γ

ρg
. (2.8)

The capillary length for water can be obtained by choosing the corresponding values for

equation 2.8, γ = 72.8mNm−1, ρ = 997kgm−3, and g = 9.8ms−2, giving κ−1 = 2.7mm.

The concept of capillary length is useful, for it enables the development of experiments to

study pure interfacial interactions without having to take the effects of gravity into account.

2.2.6 Jurin’s Law

The spontaneous capillary filling of a liquid in a tube is defined by the relationship between

the solid-gas surface tension, γSG, and the solid-liquid surface tension, γSL, as follows,

I = γSG − γSL, (2.9)

where I is defined as the imbibition parameter. Similar to the spreading coefficient, the value

of this parameter describes the type of capillary action expected. When I > 0, the solid surface

is in a lower state of energy when wet by the liquid, resulting in the invasion of the liquid to

the tube. Analogously, when I < 0, the solid surface has lower surface energy in a dry state

which results in the liquid being expelled from the tube.

In the presence of gravity, the energy, E, of a liquid pillar inside the tube can be expressed as,

E =−2πrhI +πr2h2
ρg, (2.10)

where r is the inner radius of the tube, h is the height difference between the liquid pillar and

the liquid bulk, ρ is the density of the liquid and g is the acceleration due to gravity. The first

term of the right hand side of Equation 2.10 is the energy contribution related to the gain

in surface energy and the second term is the gravitational potential energy. The imbibition

parameter can be related to the equilibrium contact angle via Young’s law and can be re-

written as,

γ cosθe = γSG − γSL = I, (2.11)

At equilibrium, the energy is minimized which reduces Equation 2.10 to Jurin’s law for capillary

rise,

H =
2γ cosθe

ρgr
, (2.12)

where H is the equilibrium height of the pillar, also known as Jurin’s height [5]. Figure 2.5

shows a diagram of the behaviour of capillary action according to the different imbibition

parameter regimes.
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Figure 2.5: Capillary action: rise and descent of a liquid pillar. The behaviour of the liquid
encased inside the tube is determined by the imbibition parameter, I. When a) I is positive, the
liquid rises up the tube and when b) I is negative, the liquid descends. The rise or descent of
the liquid pillar describes the wetting properties, such as the equilibrium contact angle, θe, at
the interface of the liquid-solid-gas and is tied to the height difference between the meniscus
of the pillar and the surface of the bulk of the liquid. This height is also known as Jurin’s height
(H).

2.3 Contact line pinning and surface heterogeneity

2.3.1 Origin of pinning and friction forces

The Young-Dupré equation (Equation 2.6) asserts that the equilibrium contact angle is uniquely

determined by the combination of the surface tensions. Any deviation from this ideal shape

would force the droplet to deform and adjust in order to return to the equilibrium configuration.

However, this statement is only true for the ideal case of a solid which is perfectly flat and

smooth. In practice, solids are naturally rough and heterogeneous at small scales because

of imperfections on the surface. These imperfections, also referred to as roughness, can be

present in the form of chemical heterogeneity, topographical variations, dimples or protru-

sions [26, 34–37]. The effect of these physical or chemical variations generate resistive forces

at the contact line, removing the ideal behaviour of the equilibrium contact angle and allowing

the droplet to have an interval of static static contact angle, θS, configurations. This means that

θe is contained in the range of θS. This is the reason why Young’s equilibrium contact angle,

θe, has seldom been observed; instead, one observes a static contact angle whose range

of variation depends on the roughness of the surface. Additionally, in motion, the droplet can

adopt dynamic configurations for the contact angle that are not in the static contact angle

envelope. Therefore, any contact angle that differs from the one specified by the equilibrium

contact angle is referred to as the apparent contact angle, θ , since it will be a product of

surface roughness, dynamic behaviour or a combination of both.
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Figure 2.6: Droplet on a tilted surface. At the onset of motion, the droplet has a advancing
receding contact angle, θA, and a receding contact angle, θR.

2.3.2 Contact angle hysteresis

The resistive force that comes from surface heterogeneity of a solid is defined as contact line

pinning. The presence of pinning provides an indication of the static friction that a droplet

must to overcome to start moving on the solid [5]. In practice, it is possible to observe this

effect at play when a droplet is placed on a surface and then is inclined, as seen in Figure 2.6.

The droplet resists motion up to a maximum inclination, at which point it begins to slide. The

corresponding combination of contact angles at the onset of motion is defined by an advancing

and receding configuration. At the limit of transition from static to motion of the contact line,

the contact angle of an advancing liquid-gas interface is referred to as the advancing contact

angle, θA. Similarly, the contact angle at the limit of a receding motion is called the receding

angle, θR. Hence, the range of the static contact angles, θS, which refers to all the contact

angles where the droplet remains static on the surface due to the effect of roughness, is

defined as

θR ≤ θS ≤ θA, (2.13)

and the amplitude of this range is a measure of the contact angle hysteresis caused by the

surface heterogeneity, typically called the contact-angle hysteresis:

∆θ = θA −θR. (2.14)

The magnitude of this quantity is proportional to the pinning force needed to move a liquid on

a surface, i.e, [5, 38, 39]

Fpinning = 2γr(cosθR − cosθA), (2.15)
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a) b)

Figure 2.7: Extreme effects of surface roughness in wetting behaviour. a) Cassie-Baxter
state and b) Wenzel state.

2.3.3 Cassie-Baxter and Wenzel states

Roughness can also alter the interaction between liquid and solid surfaces. When a droplet is

contact with a rough surface, it can adopt a Cassie Baxter state [40], a Wenzel state [41] or

mixed state of the two.

The Cassie-Baxter state is the case where a droplet is suspended on the surface hetero-

geneity as seen in Figure 2.7(a). In this type of state, the surface contact of the droplet is

minimized, which causes the droplet to adopt a configuration of an apparently larger contact

angle and decrease the force needed to move the droplet on the surface [42]. When taking

the horizontal bridging of the liquid across the pillars, the value of the Cassie-Baxter contact

angle, θCB
e , can be expressed in terms of the equilibrium contact angle, θe, on the flat surface

of the solid, i.e.,

cosθ
CB
e = φs cosθe − (1−φs), (2.16)

where φs is the solid-vapour fraction of the surface.

The Wenzel state describes an interaction where the droplet is able to penetrate the surface

roughness, achieving complete contact with it. The roughness increases the contact area of

the droplet, hence the pinning forces increase due to the need to move a larger amount of

liquid on the surface [43]. The Wenzel contact angle, θW
e , is given by

cosθ
W
e = rw cosθe (2.17)

where rw is the ratio between the real surface area against the apparent surface area of the

solid. Note that in this wetting case, rw, acts as an amplification of wetting term, cosθe. There-

fore, small changes in θe translate to bigger changes in θ w
e . This highlights the importance of

neutral wetting (θe = 90◦) in this wetting case since it marks the an decrease in the Wenzel

contact angle (θe < 90◦) towards zero, and the increase in the Wenzel contact angle (θe > 90◦)

towards 180◦.
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2.3.4 Contact line dynamics

When a contact line is moving, the shape of the droplets changes and adjusts to a dynamic

angle, θ(v), which depends on the velocity of the contact line, v [5, 26]. For an advancing

contact line, the dynamic contact angle is higher than the advancing angle, θ(v) > θA, and

one expects that θ approaches θA as v → 0. Similarly, for a receding contact line θ(v)< θR,

and θ → θR as the contact line comes to a rest. In this thesis, the analysis is based on two

theoretical models that aim to shed light on the motion of contact lines: the Cox-Voinov theory,

also known as the hydrodynamic theory, and the Molecular Kinetic Theory (MKT).

The deviation of the dynamic contact angle from the static value is governed by the competi-

tion between driving and dissipative forces. On the one hand, the Cox-Voinov theory [19, 44]

states that the large-scale deformation of the liquid-gas interface is governed by the competi-

tion between viscous stresses and surface tension. This yields the following prediction of the

apparent contact angle as a function of the velocity of the interface:

θ
3 = θ

3
mic +9Caln

(
L
lm

)
, (2.18)

where θ is the apparent contact angle, θmic is the microscopic contact angle, Ca= ηv/γ is the

capillary number, L is the typical macroscopic length scale where the dynamic contact angle

is measured, and θmic is the microscopic contact angle, measured at a microscopic cut-off

length scale, or slip-length, lm [26]. L is a length scale in the order of the capillary length and

lm is is a length of the order of the size of the molecules of the solid surface, or the length

scale where the no-slip boundary condition does not apply [45].

On the other hand, the driving and dissipative forces may be regulated by microscopic pro-

cesses on the motion of the contact line on the solid surface. Haynes and Blake developed

the MKT model to describe the motion of the contact line considering these processes [46]

which was subsequently used to describe the spreading of droplets on solid surfaces [47]. In

the framework of MKT, the contact line motion is governed kinetic properties such as the rate

of adsorption and desorption of molecules from the solid and the distance between molecules

on the surface. The balance between both processes sets the contact-line velocity [2], which

is given by

v = 2K0ξ sinh
(

γξ 2(cosθS − cosθ)

2kBT

)
, (2.19)

where K0 is the frequency of adsorption-desorption of molecules at the contact line, ξ is the

average distance of molecular displacements and kBT is the thermal energy.
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2.3.5 Overcoming pinning

In nature, there are many examples of surfaces which have adapted to overcome pinning,

allowing water droplets to slide easily from lotus leaves, ensuring they remain clear of con-

taminants [48, 49], or the Nepenthes pitcher plant which uses a lubricated surface to lead

unsuspecting insects into a slippery demise [50, 51]. These have served as inspiration to

create smart-engineered surfaces that aim to reduce surface pinning to allow surfaces to

remain dry, self-clean and exhibit anti-fouling capabilities [52]. In recent years, there have

been significant advances in surface modification for water repellency and interest in these

surfaces has greatly increased due to their potential applications in fields such as medicine,

biotechnology and heat transfer [52].

Superhydrophobic surfaces

One of the most well-known superhydrophobic phenomena is the “lotus leaf effect", first coined

by Barthlott & Neinhuis. The lotus leaf is covered in waxy bumps that induces droplets to roll

of the surface of the leaf [34, 48]. These bumps, or roughness, are small enough that water

droplets sit on top of them in a Cassie-Baxter state, enabling the droplets to increase the

contact angle of the triple line to superhydrophobic values (> 150◦) and allowing the droplets

to shed off easily from its surface. This principle is the basis of laboratory engineering of

superhydrophobic surfaces using a range of different techniques. For instance, the utilization

of fractal wax surfaces has shown that droplets can reach contact angles of θ = 174◦ [53].

Lithographic techniques have allowed the manufacturing of different geometries for surface

roughness, reaching values of θ = 170◦ [54, 55]. Chemical deposition of gels and metals to

roughen substrates has been successful in delivering similar results in smaller scales [56, 57].

In recent years, the advancement in the production of superhydrophobic surfaces has allowed

the scale of the roughness to be reduced to remarkably small length scales via the use of

nanometric particles to coat the surface of a solid [58, 59].

Although superhydrophobic surfaces offer water repellent qualities, they are seldom used in

practice due to structures comprising the surfaces are not durable. Additionally, if sufficient

pressure is applied on the surface, the liquid can penetrate the surface geometry, driving the

droplet to a Wenzel state and consequently lose it’s water shedding properties. However, this

weakness is not fundamental since a recent work by Wang et al [52] has developed a geo-

metry which is pressure resistant and durable, opening opportunities to put superhydrophobic

surfaces in more practical perspectives.
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Figure 2.8: Liquid infused surfaces (LIS). Schematic of droplet sitting on a LIS which can
be completely coated (left diagram) or partially coated (right diagram) by the lubricating layer,
both cases exhibiting a wetting ridge between the droplet and the lubricating layer. The insets
in red show the possible interactions between the liquid droplet: Complete wetting (top), partial
wetting (middle), or separated by the lubricating liquid completely (bottom). The interaction of
the substrate and the lubricating liquid are shown in the black insets: lack of lubricant (top),
partially coated (middle), and completely impregnated (bottom). Taken from ref [1].

Liquid infused surfaces

Liquid Infused Surfaces (LIS) utilize a lubricating layer to minimize surface pinning. This

is reminiscent to the Nepethes pitcher plant, which uses a highly water wetting surface in

combination with surface geometry to create a thin layer of water which minimizes the friction

with the oils found on the feet of insects, making them slip into the plant’s digestive system [50,

51]. Studies have been made to reproduce this effect in laboratory conditions which mix

surface geometry, wetting attributes and liquid retention in order to reduce surface pinning [1].

Figure 2.8 shows characteristic attributes of LIS, when in contact with the lubricating layer,

a wetting ridge is formed between the droplet and the lubricating layer. The lubricating layer

either completely or partially coated the droplet depending on the interfacial interactions of

the two liquids. The interaction between the liquid and the surface can be present in the form

of complete wetting of the solid, partial interaction with the solid or no interaction with the

solid. Similarly, the interaction of the lubricating layer can either be a thin film on the surface,

partially impregnated or completely impregnated. The limitation of these type of surfaces lie

in the metastable state of the lubricating liquid on the solid substrate, which can be destroyed

by the depletion of the lubricating layer by flow of liquid or evaporation [60].

However, perhaps one of the most outstanding types of LIS are Slippery Liquid Infused Porous

(SLIP) surfaces. The principle behind these surfaces is to increase the surface area of the solid

via the deposition of a nanometric porous coating which is preferentially wet by a lubricating

liquid, creating a thermodynamicaly stable lubricating layer that exhibits very low friction and

is capable to withstand lubricant shedding, allowing for conformal lubrication of engineered

surfaces [61].
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Slippery Omniphobic Covalently Attached Liquid (SOCAL) surfaces

In this thesis, special attention is directed to SOCAL surfaces since they are the prime solid

low friction surfaces where hygrotaxis is going to be studied.

In 2016, Wang & McCarthy [62] developed a method to produce a hydrophobic surface, named

SOCAL, that serves as an alternative to low friction surfaces such as SLIP surfaces. SOCAL

surfaces are created through acid-catalysed graft polycondensation of dimethyldimethoxysil-

ane onto a smooth flat surface, such as glass, or silicon. The result of this process leaves a

homogeneous layer of Polydimethylsiloxane (PDMS) chains grafted to the surface. This layer

of PDMS acts as a liquid-like coating which exhibits uniquely low static resistance to motion

of droplets. This low static friction translates into contact angle hysteresis values that average

at ∼ 3◦ in the literature, with some works achieving values below < 1◦ [4, 62], reportedly

the lowest achieved for a solid smooth flat surface. Due to these surfaces exhibiting such

low values of contact angle hysteresis, some works have proposed that the value of the static

contact angle, or evaporation contact angle, can be considered as the ideal equilibrium contact

angle defined by the Young-Dupré equation [4].

One of the most interesting aspects of SOCAL surfaces is that although they report uniquely

low values of contact angle hysteresis, the behaviour of the motion of droplets shows an

higher level of complexity. This can be appreciated in Figure 2.9, where 10 µL droplets are

placed on low hysteresis surfaces at fixed tilting angles, θtilt , of 5◦ and 15◦. If one starts

by looking at the results of a tilting angle of 5◦, only the droplet resting on the lubricated

surface seems to exhibit motion. This result apparently shows some degree of discrepancy

since LIS surfaces and SOCAL surfaces are reported to have contact angle hysteresis values

comparable to each other (∼ 1◦), therefore one would expect that they would exhibit similar

behaviour, as opposed to a large difference. Furthermore, moving onto the results for θtilt =

15◦, it seems like the contact line on SOCAL surfaces is significantly lower than other low

hysteresis surfaces. The apparent difference between static and dynamic states compared to

other low hysteresis surfaces seems to suggest that there is a large timescale in the motion

on SOCAL surfaces, which will be further explored in Chapter 4.

SOCAL surfaces offer great opportunities to further undertand the physics of liquid contact

lines on solid surfaces of unprecedented contact angle hysteresis. Additionally, some of the

most notable research into applications for this type of surface has been done in topics such as

fog harvesting [63] and is considered a prime candidate for the control of soil wettability [64],

an application particularly important in rare mineral harvesting.
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Figure 2.9: Droplet motion on low hysteresis surfaces Experiments of moving droplets at
tilt angles, θtilt , of 5◦ and 15◦. a) Superhydrophobic surfaces, b) SOCAL surfaces and c) LIS.
Figure adapted from Dan Daniel, et al [2]

2.4 Droplet evaporation

Evaporation of liquids is a natural phenomena that is present whenever a liquid is surrounded

by an atmosphere that is not saturated with the liquids own molecules [24]. Evaporation

has been extensively studied in the literature, with significant amount of research into the

applications and dynamics of evaporation [24, 65, 66]. For instance, the coffee ring effect,

named after the stains left by evaporated spilled coffee, has shown the existence of capillary

flows able to deposit particles on the edges of the droplet footprint and it’s applicability for

particle deposition purposes [67]. More recent studies, particularly involving binary mixtures,

have shown that evaporation can induce self-propulsion of droplets via evaporative cooling

or vapour induced surface tension gradients, allowing the understanding of the fundamental

mechanisms behind evaporation driven effects and its applicability in substance transport and

sensors [15, 16]. These show the importance that evaporation has in expanding our under-

standing of fundamental concepts and it’s significance in different fields of study, justifying the

extensive and continued research done in this phenomenon.

2.4.1 Aerosol droplets

Consider a droplet of liquid suspended in air with a radius below the capillary length, similar

to the droplets formed in aerosols. If the ambient around the droplet is not saturated with

the liquid’s vapour molecules, then it evaporates radially and isotropically [24], as seen in

Figure 2.10(a). As discussed previously, surface tension drives the shape of the droplet to be

that of a sphere, therefore the volume of the liquid V is given by

V =
4
3

πR3, (2.20)
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Figure 2.10: Free and limited diffusion evaporation. a) Isotropic evaporation of a suspen-
ded droplet. b) diffusion limited evaporation due to the interaction with a solid surface.

where R is the spherical radius of the droplet. Picknett & Bexon developed a theory of evap-

oration which describes the mass flux in evaporation in terms of concentration at the interface

of the droplet, c0, and the concentration far away from the droplet, c∞. In this approximation,

the rate of volume loss in time through the surface of the sphere is expressed as [25]

dV
dt

=−4πRD∆c
ρ

, (2.21)

where ∆c = c∞ − c0 .

2.4.2 Sessile Droplets

When a liquid droplet interacts with a solid surface, it spreads and takes the shape of a spher-

ical cap defined by a contact angle, θe, and a base radius, r. The effect of the solid surface

limits the diffusion of the vapour molecules, since evaporation can only occur throughout the

liquid-gas interface, as seen in Figure 2.10(b). This breaks the symmetry of the isotropic

diffusion of the molecules during evaporation of a sessile droplet. This delimited diffusion is

regulated by the amount of surface exposed to the environment, as shown in Figure 2.10(b).

Therefore, the shape, or contact angle, that the droplet has on a surface will affect the rate of

evaporation of the liquid droplet.

When a droplet below the capillary length, R < κ−1, is placed on a surface with a partial

wetting spreading parameter, S > 0, the droplet takes the shape of a symmetrical spherical

cap. This allows to approximate the volume V of the droplet using geometric relations, hence

V =
πR3(2+ cosθe)(1− cosθe)

2

3
. (2.22)
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This geometrical approximation allows us to obtain key parameters from a side profile of the

droplet. Such parameters include the spherical radius R, the contact radius r, the apparent

contact angle θ , and the height of the droplet h. Therefore, considering Equation 2.22, one

obtains

R =

(
3V

π(2−3cosθ + cos3 θ)

)1/3

, (2.23)

h = R(1− cosθ), (2.24)

r = Rsinθ , (2.25)

tan
(

θ

2

)
=

h
r
. (2.26)

As for the aerosol droplet, the relationship of the concentration in this geometry follows (c∞ −
c0)/R. These geometric relations give an expression for the loss of volume of the droplet in

time [4]
dV
dt

=
4πRD∆c

ρ
f (θ), (2.27)

which one can express in terms of the base radius using Equation 2.25,

dV
dt

=
4πrD∆c
ρ sinθ

f (θ), (2.28)

where f (θ) is a contact angle dependent function which gives an exact solution to Equa-

tion 2.27 [25].

2.4.3 Ideal modes of evaporation

Surface roughness plays a significant role in the evaporation of a droplet. This is because con-

tact line pinning affects the apparent contact angle a droplet will adopt on a surface, changing

the dynamics of evaporation. This problem was explored by Picknett & Bexon in 1977 [25],

where they proposed an analytical model outlining two ideal modes of evaporation for perfectly

rough and perfectly smooth surfaces. Their model provides exact solutions for the for the

contact angle dependent function f (θ) by the interpolation of a polynomial function [25].

Constant contact radius evaporation

The first ideal mode, reflecting the interaction of a droplet with a perfectly rough surface, is

called Constant Contact Radius (CCR) mode. In this mode of evaporation, the contact line

is pinned to the surface, resulting in the decrease of the contact angle of the droplet as it

evaporates while it’s base radius remains constant, as shown in Figure 2.11(a). Although this

is an ideal mode of evaporation, CCR evaporation has been experimentally observed and

studied in the literature [68]. Since this mode of evaporation falls out of scope of this project,

the reader is invited to read references [25, 68] for additional details on this mode.
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Figure 2.11: Ideal evaporation modes. a) Constant Contact Radius (CCR) mode, the base
radius of the droplet remains constant throughout the evaporation. b) Constant Contact angle
(CCA) mode, the contact angle remains constant throughout the evaporation

Constant contact angle evaporation

The second mode of evaporation describes the scenario where a droplet evaporates in the

absence of pinning, or a perfectly smooth surface, and is called Constant Contact Angle (CCA)

mode. In contrast to CCR mode, here the contact angle remains constant while the base

radius decays throughout the evaporation. Due to the absence of resistive pinning forces, the

droplet evaporates at Young’s equilibrium contact angle, hence for this section θe = θ .

Picknett & Bexon derived an exact solution for f (θ) and provided a numerically accurate

polynomial interpolation solution, fPB(θ), for the possible contact angles a droplet can have

have on the surface (0◦ < θ < 180◦),

fPB(θ)=

1
2(0.6366θ +0.09591θ 2 −0.06144θ 3) 0◦ < θ ≤ 10◦

1
2(0.00008957+0.6333θ +0.116θ 2 −0.08878θ 3 +0.01033θ 4) 10◦ < θ ≤ 180◦

(2.29)

where θ is given in radians.

It is possible obtain the base radius dependent expression of the volume by using equation

2.22 and 2.25, which reads

V =
πr3(1− cosθ)2(2+ cosθ)

3sin3
θ

, (2.30)

which when differentiated with respect to time gives

dV
dt

=
πr2(1− cosθ)2(2+ cosθ)

sin3
θ

dr
dt

. (2.31)
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Combining Equation 2.28 and 2.31 gives

πr2(1− cosθ)2(2+ cosθ)

sin3
θ

dr
dt

=
4πrD∆c
ρ sinθ

fPB(θ). (2.32)

Solving Equation 2.32 for r yields

πrdr =
4π sin2

θD∆c
ρ(1− cosθ)2(2+ cosθ)

fPB(θ)dt, (2.33)

which integrated with the following boundary conditions: ri = r, r f = 0, ti = 0 and t f = t, yields

A = πr2 = A0 −
8π sin2

θD∆c
ρ(1− cosθ)2(2+ cosθ)

fPB(θ)t, (2.34)

where A is the contact area of the droplet and A0 is the initial contact area of the droplet.

Hence, under CCA evaporation, the contact area of the droplet decays linearly in time, i.e.

A = A0 −mt, where the gradient m is associated with the dynamics described in the Picknett

& Bexon evaporation dynamics.

In terms of the observation of this evaporation mode, this phenomena has been difficult to

observe due to the non-ideal behaviour of surfaces in impeding the complete motion of the

contact line. In reality, liquid droplets evaporate from surfaces in a mixed mode known as slick-

slip mode of evaporation [69]. In this mode, the contact radius of the droplet changes due to

the contact angle decreasing beyond the drag forces of the surface while the contact angle

decreases due to the pinning the surface induces on the droplet.

However, engineered surfaces that are able to decrease the pinning forces to near zero, as dis-

cussed in the previous sections, have allowed the observation of CCA evaporation. Attempts

to do this have been made on superhydrophobic surfaces and SLIP surfaces [51, 60]. On su-

perhydrophobic surfaces, contact line hysteresis is minimized by reducing the effective contact

area between the droplet and the solid via patterns or roughness on the surface, suspending

the droplet in a Cassie-Baxter state. Although CCR has been observed in superhygrophobic

surfaces [70] since the transition between Cassie-Baxter into Wenzel state induces complete

pinnning of the droplet, McHale et al [71] reported CCA intervals on a SU-8 textured surface.

Since then, the study of evaporation on superhydrophobic surfaces has contributed to the

understanding of the effects of contact angle hysteresis and superhydrophobicity on this

phenomenon [70–76].
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The observation of this effect on lubricated surfaces has been more successful, particularly

on SLIP surfaces. Guan, et al. [77] observed CCA mode of evaporation on SLIP surfaces

coated with a hygrophobic layer imbibed with oil. The lubricant allows droplets to become

extremely mobile on the surface which allows this phenomenon to take place. However, the

interaction of the droplet and the SLIP surface does not follow the direct mechanics of solid-

liquid interactions due to the immiscible lubricating layer interacting with the liquid.

More recently, however, Armstrong et al [4] reported consistent CCA evaporation of SOCAL

surfaces for the first time. As mentioned previously, SOCAL surfaces have been reported to

decrease the contact angle hysteresis to an interval between 1◦ to 5◦ while keeping direct

contact with the solid. This is significant because it is the first time this effect was observed on

a solid flat surface which allows the use classic descriptions of this interaction.

2.4.4 Diffusion constant and relative humidity

On one hand, Relative Humidity (RH) is essential to the study of evaporation since it is a

quantity that regulates the amount of molecules in the vapour phase surrounding the evap-

orating droplet. This quantity is tied to the relative concentration of vapour molecules in the

environment, ∆c = c∞ − c0. On the other hand, the diffusion coefficient D is a proportionality

constant that describes the relation between the mass flux and concentration of the vapour

molecules. Being able to obtain both quantities is beneficial since it allows the calculation of

theoretical evaporation times of droplets of a given liquid, volume and temperature.

To obtain the expression for the diffusion constant, Equation 2.34 can be solved to yield a

prediction of the diffusion constant, which takes the form

D =
mρ(1− cosθ)2(2+ cosθ)

8π sin2
θ(c∞ − c0) fPB

. (2.35)

The vapour concentration at the surface of the droplet, c0, cannot exceed the one determined

by the saturation vapour density at a fixed temperature. Therefore, to approximate the value

of c0, a polynomial function can be fit to data provided by Kaye & Laby [78] to predict the value

of the saturation vapour density as a function of temperature, i.e,

c0 ≈ 0.0004T 3 +0.0053T 2 +0.3759T +4.7736, (2.36)

Where T is in ◦C and is c0 is given in gm−3.

Relative humidity is the relationship between the saturation vapour density (at the interface

of the droplet) and the actual vapour density (ambient). The actual vapour density can be

considered as a good approximation for the vapour concentration far away from the droplet

since it represents the average concentration of vapour in the room. The expression to obtain



2.4. Droplet evaporation 27

the relative humidity percentage is given by the following expression,

RH =
Actual vapour density

Saturation vapour density
×100% ≈ c∞

c0
×100%. (2.37)

Hence, under the considerations done, the value of c∞ can be approximated as

c∞ ≈ RH
100%

× c0. (2.38)

The temperature dependence of the diffusion constant, Dtheo, can be obtained from the "CRC

handbook of chemistry and physical constants" [79] and reads

Dlit = 0.0024T −0.4677, (2.39)

where the temperature units are in K and Dtheo is given in cm2 s−1.

2.5 Hydrodynamic equations

In order to describe the interaction between a liquid droplet and the surrounding gas phase,

it is necessary to define the governing equations. The flow of fluid substances is defined by

the conservation of momentum and the conservation of energy. These conservation laws

are defined in the Navier-Stokes equations and play a key role in the study the physics

of fluids. For the Lattice Boltzmann simulations, the expression of the imcompressible limit

of the Navier-Stokes equations is used. Although these equations do not account for fluid

compressibility in gases, thermal effects, chemical reactions and many more, they are very

frequently and successfully used for both liquid and gases, including droplet dynamics [80–

83].

Under the incompressible limit, the conservation of energy is described by the continuity

equation, defined as

∇ ·u = 0, (2.40)

where u represents the fluid velocity. The conservation of momentum, on the other hand, is

expressed as

ρ(δtu+u ·∇)u =−∇ ·Π+η∇
2u+Fext , (2.41)

where δt denotes the partial derivative with respect to time, η is the dynamic viscosity which

represents the resistance to shearing forces and Fext is the external force contribution. The

left hand side of Equation 2.41 describes the inertia of the fluid which includes the flow

acceleration as the first term and the convective acceleration in the second term. The right

hand side describes the divergence of the stresses and the external force which include the
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total pressure as the first term, the viscous dissipation as the second term and the external

force as the last term. The central quantity in the Navier-Stokes equations is the velocity,

which means that when values of the velocity are known at every point in time and space, the

Navier-Stokes equation is considered to be solved.

Relative humidity has a significant effect on evaporation and condensation phenomena since

both of these processes are regulated by the mass exchange generated by gradients of con-

centration of molecules of the same species in the ambient phase [4, 84]. For isothermal sys-

tems, the mass flux exchange of the system can be modelled by the Cahn-Hilliard convection-

diffusion equation [80]. This model developed by Cahn & Hilliard in 1958 [85], aims to provide

an expression of the conservation of the order parameter associated with mass fluxes, which

reads as

δtφ +u ·∇φ =−∇J (2.42)

where the key component in the Cahn-Hilliard model is the diffusive flux, J, which obeys the

following constitutive equation

J =−M∇µ, (2.43)

where M is known as the mobility parameter and plays a role akin to diffusivity [80]. Therefore,

Equation 2.42 can be given as

δtφ +u ·∇φ = M∇µ. (2.44)

2.6 Multiphase fluids

2.6.1 Thermodynamics of phase transition

Consider a system composed of two different immiscible pure liquids. The liquids are com-

posed of molecules of different species which can be differentiated by introducing an order

parameter, φ , defined as

φ =
n2 −n1

n2 +n1
, (2.45)

where n1 and n2 represent the number densities of the two different species of molecules [86,

87]. According to Equation 2.45, the order parameter can adopt any value in the interval

[1,−1], so that −1 ≤ φ ≤ 1. The boundary values of this interval represent pure states of the

each of the molecule species. Any intermediate value of the order parameter describes the

relative concentration of a particular molecule species in a mixture. The concept of the order

parameter can be extended to be used in the phase transition of a single component fluid,

where n1 and n2 now represent the particle densities in the domain. For instance, the density

of particles defines the vapour and the liquid phases of a substance.
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Figure 2.12: Helmholtz free energy of a binary mixture. a) Free energy minimum
corresponding to the phase defined by φ = −1. b) Region where the mixture is in phase
coexistence, −1 < φ < 1. c) Free energy minimum corresponding to the phase defined by
φ = 1.

In liquids, particles are held together by attractive forces as discussed in Section 2.2.1 and

interact with each other through collisions. If the cohesive forces between molecules of dif-

ferent species is weaker than the ones of the same species, the mixture tends to separate

into differentiated phases. This is the main reason why mixtures are normally less stable than

pure phases [88].

Now consider a phase transition system that is reaching equilibrium in a fixed the volume

and at constant temperature. Under these conditions, the expression of the free energy that

must be minimised is the Helmholtz free energy, F , which one can express for the stationary

values of the free energy of the molecules as

d[F (φ ,T )−µ0φ ] = 0, (2.46)

where µ0 is a Lagrange multiplier that allows you to do Equation 2.46 without falling into the

trivial solution of F = 0. As a result, µ0 = dF/dφ and defined as the equilibrium chemical po-

tential of a multiphase system. The free energy of the system can be visualized in Figure 2.12,

where there are two energy minimum values ((a) and (c)) which define the phases while the

phase coexistence region, shown in (b), the energy values show an unstable homogeneous

mixture. Note that the energy profile defined by µ0 is below the unstable mixture region,

explaining why mixtures tend to separate into separate phases.
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Figure 2.13: Visualization of the sharp and diffuse interface approximations. a) Sharp
interface approximation. b) Diffuse interface approximation.

2.6.2 The sharp interface approximation

The sharp interface approximation considers the interface between phases as infinitesimally

small, where the differences between two different phases are absolute. The interface in

this approximation is a two dimensional boundary, as seen in Figure 2.13(a), subject to a

continuous flow velocity and balanced by a pressure normal to the interface surface.

In this approximation, the Helmholtz free energy, F , for a capillary system is defined as [5, 43]

dF = S∗dT − pdV − γdA, (2.47)

where S∗ is enthropy, V is volume, N is the number of particles and A is the surface area of

the interface.

Assuming that the force density stemming from the surface energy is balanced by the change

in pressure, one can apply the Gibbs-Thomson condition [89]. This condition relates the

Laplace pressure (Equation 2.4) with changes in the order parameter, ∆φ , so that small

changes of chemical potential, ∆µ , close to the interface are defined as

∆µ =−2γC
∆φ

, (2.48)

where C is the curvature of the interface.
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2.6.3 The diffuse interface approximation

In reality, phase transitions from one state to the other are not infinitely sharp since the

strength of interactions between molecules depends on the distance between them. This is

especially true in liquids since small thermal fluctuations induce flows in the liquid, meaning

that liquid molecules cannot remain static and the interactions at the interface are continually

changing. Hence, liquids cannot have a sharp interface in equilibrium [90], which implies that

the order parameter must adopt intermediate values and change according to the influence

of molecular interactions at the interface as a function of distance, as seen in Figure 2.13(b).

The distance of influence of the interface is a characteristic length referred in the literature as

the interface thickness, l. There have been works that have measured the interface thickness

of simple liquids, determining it to be only a few nanometres in length [85, 89, 90].

Under this model, the interaction between molecules is dependent on the spatial energy

contribution in the order parameter. Hence, the order parameter turns into a scalar field, also

known as the phase field or φ = φ(x), where x is a vector in the domain and (from this point

onward, bold letters indicate vectorial notation). Close to the interface between phases, the

phase field is determined by a hyperbolic tangent, hence

φ(x) = φeq tanh(
x
l
) (2.49)

where φeq is the bulk equilibrium order parameter.

The Helmholtz free energy, F , and the capillary behaviour of the droplet for the diffuse

interface approximation and the Lattice Boltzmann simulations in Chapter 5 are defined as

F [ρ,φ ] =
∫

V
[ψ(φ ,∇φ)+ρc2

s logρ]dV +
∫

δV
ζ (φ)dS, (2.50)

where ρ corresponds to the density number of particles per unit volume, cs corresponds to the

speed of sound as defined in the Lattice Boltzmann system and φ corresponds to the phase

field, such that φ > 0 indicates the droplet and φ < 0 the surrounding phase, thus defining

φ = 0 the interface between the two fluid components. The first term on the right hand side of

Equation 2.50 is the volumetric contribution to the energy describing the interaction between

the components of the fluid. This interaction energy is defined as,

ψ(φ ,∇φ) =
3γ0√

8l

(
1
4

φ
4 − 1

2
φ

2 +
1
2

l2|∇φ |2
)
, (2.51)
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which corresponds to a double-well potential with minima at φ =±1 which correspond to the

saturation values for a flat interface. The terms γ0 and l correspond to the surface tension

and interface thickness, respectively, in thermodynamic equilibrium. The following term in the

integrand, which includes the density of the fluid, corresponds to the ideal-gas contribution.

The second integral represents the free energy contribution from the interaction of the fluid

and the solid surface, δV , where ζ (φ) is a function that imposes the wetting condition.

Under this model, the corresponding equations of state are defined as

µρ =
δF

δρ
= c2

s (logρ +1), (2.52)

and

µφ =
δF

δφ
=

3γ√
8l
(φ 3 −φ − l2

∇
2
φ), (2.53)

which are the chemical potentials of the ideal gas and the fluid mixture interaction, respect-

ively. One can express these equations in terms of the partial pressures, for the ideal gas

pressure this is defined as

p = ρµρ −ρc2
s logρ = ρc2

s , (2.54)

and for the capillary stresses

P = (φ µφ −ψ)I+
3γl√

8
∇φ∇φ

T . (2.55)

Therefore, the total pressure, Π, is the sum of both contributions which yields

Π = pI+P. (2.56)

Equation 2.54 is often referred as the hydrodynamic pressure and is built into the Lattice-

Boltzmann. Additionally the phase field dependent equation of state is equivalent to the ones

used in previous notation and is referred as µφ = µ for consistency.

To obtain the energy cost of transitioning between the two phases can be obtained from Cahn

& Hilliard’s work on interfacial energy [85] where the surface tension is defined as

γ
def
=

∫
[ψ(φ ,∇φ)−µ0φ + p0]dx, (2.57)

where µ0 is the value of the chemical potential at equilibrium and x is denoted as the normal

coordinate to the interface of the phases.

The binding energy, ζ (φ), is necessary to impose the wetting condition of the liquid onto a

solid interface by introducing a parameter called the wetting potential, χ , which induces an

increment in the energy of the liquid proportional to the contact area with the solid interface.

Cahn and Briant, et al. [91, 92] found that the expression of the binding energy can be given
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as

ζ (φ) =−χφ , (2.58)

where χ is a function dependent on the equilibrium contact angle and is known as the wetting

potential, θe, the liquid does with the solid, which reads as [91, 92]

χ(θe) =
3
2

γ sgn
(

π

2
−θe

)√
cos

[
arccos(sin2

θe)

3

][
1− cos

[
arccos(sin2

θe)

3

]]
. (2.59)

This equation allows the model the interaction of a droplet sitting on a surface at a defined

equilibrium contact angle.

2.7 Numerical methods

Since the focus of this work is not on the development of a Lattice Boltzmann Method infra-

structure, the framework used in this thesis is one developed by Élfego Ruiz-Gutiérrez [81–83].

Hence, a general overview of computational fluid dynamics, the governing equations involved

and the framework of the Lattice Boltzmann method are reviewed in this section.

2.7.1 Computational fluid dynamics

A fluid is a substance that continually deforms under stress, it resists deformations only lightly

because of viscosity and can adopt the shape of any container into which it flows. Up until

1960, fluid dynamics was understood from a perspective of a "two-approach world" where

problems regarding fluids would be focused on from either a purely experimental or theoretical

perspective [93]. However, with the development of accurate and fast-processing numerical

solvers has enabled to add yet another perspective in fluid dynamics, this branch of research

is known as Computational fluid dynamics (CFD). Since then, CFD has become a reliable and

important tool in research to understand fluid mechanics to the point that CFD now bears the

same importance in the field of fluids to merit the description of a "three-approach world" [93].

The main idea in CFD is to numerically approximate solutions to the governing equations of

the continuous mechanics used to describe fluid dynamics. This is generally done by providing

a solution to the Navier-Stokes equations to the determine the behaviour of the fluid. One can

approach computational fluid dynamics on three different relevant length scales, as seen in

Figure 2.14: the macroscopic, the mesoscopic and the microscopic approach[94].
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Figure 2.14: Scale of computational approaches to CFD. a) Classic CFD uses macro-
scopic quantities to describe the motion of the fluid, example image taken from Alhamad et
al [3]. b) The Lattice Boltzmann Method uses discrete particle populations (black arrows)
around lattice nodes (green squares) to model fluid motion. c) Molecular dynamics aims to
track the kinetic behaviour of all individual particles in time.

The macroscopic approach aims to describe the dynamics of fluids using continuum mechan-

ics. In this scope, this approach aims to solve the Navier-Stoke equations using macroscopic

tangible quantities such as the fluid velocity, pressure and density [94]. However, this approach

comes at a cost, since a macroscopic standpoint ignores the molecular nature of matter. This

approach has been successful in the modelling of fluids but is not as effective when it comes

to modelling turbulent or multiphase flows.

The microscopic approach aims to track the kinetic mechanics of every molecule in the system

to simulate the flow of a fluid [95], as seen in Figure 2.14(c). Due to the high discretization, the

mechanics followed in this kind of approach are more akin to those in Newtonian dynamics,

rather than continuum ones such as the Navier-Stokes equation [94]. Although this methods

are highly effective in the accurate simulation of fluids, the biggest disadvantage comes from

the high computing power required to run simulations with a significant amount of molecules.

The Lattice Boltzmann Method is a mesoscopic approach that lies in between the macroscopic

and microscopic scales. In the mesoscopic scale descriptions aim to describe the dynamics

of fluid by tracking distributions or representative groups of molecules acting upon pseudo-

particles in a lattice or an off lattice (Figure 2.14(b)). Although the discretization of the fluid

system is higher than in macroscopic approaches, mesoscopic approaches are described

using kinetic theory which are the main mechanics in the Lattice Boltzmann method [94].
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2.7.2 General description of the Lattice Boltzmann Method

The Lattice Boltzmann Method fluid dynamics simulator aims to numerically solve the Boltzmann

equation using kinetic theory [96] and describes the system at a mesoscopic level. The

Boltzmann equation, which arises from the Kinetic Theory of Gases [97], is a statistical

description of the evolution of a fluid by means of the a distribution function, fq(x), that

corresponds to the mean density of particles found at an instance in time t in a discrete

position x and a velocity cq [83]. The discretised form of the Boltzmann equation is what is

referred to a the Lattice Boltzmann equation [94, 98].

The Lattice-Boltzmann Method consists of two main steps [80, 83, 94], the first one is called

the streaming step which describes the mean density of particles in a given position and

velocity at a certain time and is given by the distribution function

fq(x+ cq, t +1) = f ∗q (x, t). (2.60)

The second step is called the collision step, which along post-collision terms, describes

how the distribution of particles has changed due to interactions in the streaming step. The

distribution function associated with the collision step is expressed as follows

f ∗q (x, t) = fq(x, t)+Ξ[ f ]q +Sq, (2.61)

where Ξ[ f ]q is the collision operator and Sq is the sources term.

During the streaming step, the particle populations interact with neighboring lattice nodes by

means of the velocity cq over a unitary time step such that x → x+ cq. This defines a set

of velocities associated with neighboring lattice points (depending on the dimension of the

domain) in the form of cq ∈ {cq}Q−1
q=0 . The result of this interaction are a Q D-dimensional

integer vectors that describe the connectivity between the lattice points. This is synthesized

by the Q-D notation in the Lattice Boltzmann model. For the case presented in Figure 2.14(b)

and the cases in Chapter 5, the corresponding notation is D2Q9 in the Lattice Boltzmann

model.

On one hand, the collision operator in Equation 2.61 is defined using the Multiple-Relaxation

Time (MRT) scheme [99], where a local equilibrium distribution function, f e
q , is defined. This

function defines different relaxation rates for each component of the distribution function. The

collision term bears a significant amount of importance in physical terms since it enables the

user to tune trasport coefficients such as the viscosity and thermal conductance [83].

The source term in Equation 2.61, on the other hand, can take many forms which depend on

the type of sources the user wants to be considered in the simulation, for instance, defining

sources of mass, forces, or stresses.
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Integration of the Navier-Stokes equations

From the Navier-Stokes equation (Equation 2.41), it is possible to obtain macroscopic para-

meters such as the density and the velocity. By using the Lattice Boltzmann Method to numer-

ically integrate the Navier-Stokes equations, one can define the expression of macroscopic

variables in terms of the distribution function [83]. The mass density flux density yields

ρ =
Q−1

∑
q=0

fq, (2.62)

and the momentum of the density, from where one can obtain the velocity field, is defined

as [81]

ρu =
Q−1

∑
q=0

cq fq, (2.63)

Integration of the Cahn-Hilliard

The Cahn-Hilliard equation (Equation 2.44) allows one to obtain the value of the phase field

associated to the simulation. In order to compute this phase field, a second distribution func-

tion, gq, of similar form as Equations 2.60 and 2.61 where the moments and collision para-

meters differ from fq. The zeroth moment of this distribution function defines the phase field

as [81]

φ =
Q−1

∑
q=0

gq, (2.64)

Equations of state

To calculate the values of the pressure tensor field (Equation 2.56) and the chemical potential

(Equations 2.53), it is necessary to obtain the gradient and the Laplacian of the phase field

as defined in the Lattice Boltzman Method. These can be approximated by using the finite

difference stencils, which for the gradient yields

∇φ ≈ 1
c2

s
∑
q̸=0

wqcqφ(x+ cq), (2.65)

and for the Laplacian

∇
2
φ ≈ 2

c2
s

∑
q̸=0

wq[φ(x+ cq)−φ(x)], (2.66)

where wq is used as weighting factors that optimise the accuracy of the approximation [100].
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Figure 2.15: Wettability gradient driven motion. Droplet sitting on a surface with a
wettability gradient (Colour gradient). a) On the wettability gradient, the contact points of the
droplet have different values for the equilibrium contact angle, θe,l for the left contact point of
the droplet of the droplet and θe,r for the right contact point. b) Droplet motion is generated to
compensate for the laplace pressure difference.

2.8 Self-propulsion mechanisms of droplets on solid surfaces

Hygrotaxis is a novel mechanism of droplet self-propulsion based on the effects a relative

humidity gradient field may have on a pure liquid droplet of the same species as the vapour.

This section provides an overview of transport phenomena in the literature which serve as a

base to the study of hygrotaxis.

2.8.1 Transport phenomena for self-propulsing droplets

In the absence of strong drag forces such a high contact angle hysteresis on solid surfaces,

molecular forces become strong enough to drive motion of the droplets [6]. For hygrotaxis,

there are two main mechanisms of transport that have the potential to generate motion on the

surface: wettability gradients and surface tension gradients.

Wettability gradients

Wettability gradients affect the wetting behaviour of a liquid on a solid by means of changing

the surface chemistry or the roughness of the surface [5, 7]. The general principle behind the

motion of this type of transport can be appreciated in Figure 2.15. When a droplet is resting

on a wettability gradient, the surface tension changes along the solid surface changes. As

a consequence of this, the equilibrium contact angle on left and right contact points of the

droplet, θe,l and θe,r respectively, are different since the balance of surface tensions at those

points differ as predicted by the Young-Dupré equation (Equation 2.6) (Figure 2.15(a)). This

difference in contact angle changes the curvature along the interface of the droplet, and since

the curvature of the droplet is larger at the trailing edge, it will experience an overpressure

defined by the Laplace pressure (Equation 2.4). This pressure gradient drives the motion

of the droplet towards more wettable regions, defining a dynamic contact angle θD while in

motion.
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The driving forces in wettability gradients can either be dependent on the surface roughness

or on the chemical composition of the surface. In the case of surface roughness, the droplet

can be in a Wenzel or Cassie Baxter state, as mentioned in Section2.3. However, regardless

of which state the droplet rests on the rough surface, rw and φs are both functions of surface

texture, which can generate surface energy gradients to generate motion. Hence, the net

driving force, FD, in a surface roughness gradient can be given by [7]

FD = πR2
γ

dφs

dx
(cosθe +1)êx, (2.67)

which can be given terms of the curvature of the droplet and the Laplace pressure as

FD = πR2 ∆p
C

dφs

dx
(cosθe +1)êx, (2.68)

where êx is the unit vector in the direction of the wettability gradient.

In the alternative case, wettability gradients are achieved by changing the chemical com-

position of the surface. On this type of surfaces, the equilibrium contact angle is a function

dependent on the position of the interface of the droplet. The driving force in this case is

defined as [7]

FD = πR2 ∆p
C

d cosθe

dx
êx. (2.69)

Surface tension gradients

The general concept in this type of motion is based on the motion via Marangoni flows inside

the droplet generated by gradients in surface tension of the liquid-gas interface γ [7, 15, 16].

These type of flows force the droplet to move from low to high values of surface tension.

The motion associated with this type of gradients is subject to the viscous stress that the

Marangoni flows enact on the base of the droplet [101]. Since surface tension represents an

energy per unit area, one can generate surface tension gradients through thermal differences

between the droplet and solid surface and concentration differences between 2 immiscible

liquids with different surface tensions.

In the case of thermal differences as a source of surface tension gradients and negligible

effects from the solid surface, the driving force can be expressed as [7]

FD =
π

2
R2 dγ

dT
dT
dx

êx. (2.70)

Note that since the dγ

dT < 0, which means that the droplets affected by this mechanism always

move towards colder regions.
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In the case of concentration gradients, it is assumed that the droplet is in an isothermal

system. Therefore, the driving force associated with this type of motion can be expressed

as the more general expression of Equation 2.70, hence

FD =
π

2
R2 dγ

dx
êx. (2.71)

2.8.2 Applications

The ability to move droplets without having to spend mechanical energy opens the door to

many potential applications which highlight the importance of this subject, not only from a

fundamental perspective, but also from a practical one. Some of the practical uses of self-

propulsion of droplets include [7]:

• Water harvesting: Surface geometry has been proven to have an influence on condens-

ation of water vapour and enable the transport of droplets towards collection points.

This effect is significantly inspired by nature, such as the surface roughness induced

condensation and transport of water on the exo-skeleton of the namibian dessert beetle

or the capillary transport of water in the spines of cacti [30]. This has resulted in man-

made systems to collect water from vapour sources like fog [102].

• Heat transfer: Droplet motion can be used to improve the performance of heat ex-

changers by optimizing droplet removal from surfaces to maximize the cooling effect [103].

• Microreactors: Droplets can be used as small scale mixers. For instance, magnetotaxis,

which refers to wetabillity gradient formed by droplets of magnetic fluids, was used to

successfully synthesize nylon 6-6 on SLIP surfaces[104].

• Deposition and Printing: Moving droplets containing particles like colloids and polymers

can be used to deposition devices of these substances [105]. This offers alternative

printing options to current printing techniques on flat surfaces.

• Medicine: Droplet transport has found a specialized application in the field of medicine

since it exhibits broad applicability in in-vitro biological and clinical assays [7].

These are some of the applications of these type of transport of droplets. However, this field

continues to evolve and further advances and applications are developed continuously [7].
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2.9 Conclusion

This chapter has given an overview of the key concepts and relevant literature on the theory

behind the interaction of liquid droplets and solids. The understanding of wetting and capillar-

ity, the forces involved in the motion of droplets on surfaces and the important surface tension

is key in order to study an effect such as hygrotaxis, the motion generated by a gradient

in relative humidity. Hygrotaxis is an effect which depends on the molecular interaction of

the liquid with its surroundings. This forces are normally negligible due to the drag forces

generated by the surface are larger than the molecular driving forces. For this reason, this

chapter highlights the importance of pinning-free surfaces, with a focus on SOCAL surfaces

due to their unique combination of low static friction qualities and the conservation of a liquid-

solid contact line. Relative humidity has a fundamental effect on the evaporation/condensation

dynamics and, thus, the theory surrounding evaporation of droplet on surfaces is reviewed.

This PhD project also includes theoretical studies of this effect via the Lattice Boltzmann

simulations of the phase change of liquid droplets subjected to chemical potential gradients.

Hence, multiphase thermodynamics are reviewed along with a broad description of the Lattice

Boltzmann method.

This chapter finishes by exploring the possible mechanisms that may be involved in hygrotaxis,

where concepts regarding the possible relative humidity driven gradient effects may induce the

motion of a droplet on a pinning-free surface.



Chapter 3

Materials, methods and experimental

techniques

This thesis focuses on Slippery Omniphobic Covalently Attached Liquid (SOCAL) surfaces.

These surfaces are a type of ultra-smooth surface consisting of an acid-catalyzed polycon-

densation of polymer chains onto the surface, rendering a solid liquid-like coating that exhibits

remarkably low static friction. This chapter begins by providing a detailed description of the

necessary steps to produce SOCAL surfaces on glass substrates. This includes the cleaning

and preparation of glass substrates for the SOCAL procedure and bespoke equipment built to

control ambient conditions during the procedure. Then, a description of the coating process

for flat substrates is described, providing justification for the coating parameters chosen to

coat the surfaces. Additionally, a method developed to coat the inside of thin capillary tubes

(∼ 1mm) with SOCAL is also presented and detailed.

The following section presents two field standard methods of surface characterisation based

on surface wettability to quantify surface friction on ultra-smooth surfaces: the volumetric

variation method and the sliding angle method. Initial results of surface characterisation via

the volumetric variation method confirms that the SOCAL coating parameters chosen deliver

results comparable to those in the literature. These results, supported by literature values

of the sliding angle on SOCAL surfaces, highlight unique surface friction attributes of these

surfaces, where they exhibit remarkably low static friction behaviour while presenting slow

moving contact lines.

In this thesis, two methods of surface characterisation are developed and presented: the

contact line relaxation method and the capillary action method. In the former, the static friction

of a surface is characterized by measuring the advancing and receding angles asymptotically,

using the relaxation of a moving contact line on SOCAL where comparisons to the volumetric

variation method and the consequences in the dynamics of contact lines of this effect are

explored in Chapter 4. In the latter, the advancing and receding contact angles are measured

by using the capillary force driven rise and descent of a liquid column inside capillary tubes.

41
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The third section of this chapter describes the image processing methods used to obtain

characteristic parameters, such as the apparent contact angle and the base radius, from

experimental and simulation raw data.

3.1 Surface production

3.1.1 Substrate cleaning procedure

It is important to thoroughly clean the substrates, or samples, before moving into the coating

procedure since this pre-coating process ensures that the surface of the substrate is free from

any contaminants and small particles which may affect the consistency of the SOCAL surface.

The samples used in this work are standard laboratory glass slides (Width = 25mm, Length

= 75mm, thickness = 1mm). New samples are taken out of the packaging and thoroughly

rinsed with De-ionised (DI) water in order to remove any large particles from the surface.

Then, the samples are placed vertically in a slide holder, ensuring that the samples are

not in contact with each other. A 2% Decon90 (Decon Laboratories Limited) and DI water

cleaning solution is prepared inside a standard 500mL Pyrex glass laboratory beaker. The

sample holder containing the slides is then submerged into the solution and placed inside an

ultrasonic bath (FisherbrandTM S-Series) at room temperature. The sonication agitates the

sample at ultrasonic frequencies, easing the removal impurities from the surface. The samples

are sonicated for 30 minutes as indicated in the manufacturer guidelines of Decon90, which

ensures that trace contaminants are removed from the sample surfaces which may not have

been washed off during the DI water rinsing. After the first sonication, the sample holder is

removed from the cleaning solution and submerged into another beaker filled with DI water

and sonicated to remove any trace of Decon90 from the surface of the substrates.

Once the sonication process is finished, the samples are removed from the solution to be

rinsed individually with solvents. Each sample is thoroughly rinsed in a fume-cupboard with

acetone (Fisher Chemical) and Isopropyl Alcohol (IPA) (Fisher chemical) and DI water. Acet-

one is a highly volatile solvent which helps the removal of any particles or detergent agent left

after the sonication process, however, if not rinsed properly, it can leave chemical residues on

the surface. Acetone is then rinsed off with IPA since this substance does not leave chemical

traces on the surface once it evaporates. The sample is then dried and inspected by eye for

any possible chemical residues left, which appear against the light as opaque streaks on the

surface. If the sample still shows signs of chemical residues after inspection, the acetone and

IPA rinsing process is repeated.

Once the cleaning process is finished, the clean samples are stored individually in laboratory

grade petri dishes to await the SOCAL procedure.
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3.1.2 Humidity chamber

In order to produce SOCAL surfaces, careful control of the relative humidity environment is

required [4, 62]. For this purpose, a bespoke humidity chamber was built to be used inside a

fume-cupboard. The humidity chamber is built using transparent plastic perspex (thickness =

3mm) which is laser cut to form a box. These pieces are then bonded together with capillary

glue which seals the gaps in the chamber and ensures that there are no unintended leaks

of air. Figure 3.1 shows the schematic of the function of the relative humidity control system.

Compressed air at ∼ 1.3bar is fed into a splitter (Figure 3.1(a)) which guides the air into two air

lines: a humid line and a dry line. In the humid line, air is passed through a valve controlled by

a stepper motor, regulating the amount of air that flows through the humid line (Figure 3.1(b)).

The air then goes into a saturation process which consists of passing air through a water

reservoir inside a gas washing bottle (Fisher Scientific) (Figure 3.1(e)). In order to ensure that

no large droplets pass through into the humidity chamber, the saturated air is passed through

a second gas washing bottle to capture large satellite droplets (Figure 3.1(f)). The air is then

joined to the dry line to provide saturated air into the environment of the humidity chamber

(Figure 3.1(g)).

Similar to the humid line, the dry line is regulated by a valve controlled by a stepper motor and

then joined with the humid line to provide dry air into the humidity chamber (Figure 3.1(g)). The

stepper motors are controlled by a Raspeberry Pi microcontroller (Figure 3.1(d)) which runs a

bespoke program to control the flow rate of air in the airlines via a proportional control system

(Figure 3.1(f)). This control system seeks maintain input variable (fixed relative humidity)

close to a desired value by adjusting the output. When the relative humidity is off target,

the microcontroller sends a signal to the stepper motors to adjust the flow of saturated air into

the humidity chamber. This relative humidity control system allows the environment inside the

humidity chamber to be controlled between 10%−80% relative humidity with an error of ±1%

of the target value.

3.1.3 Preparation of SOCAL surfaces

The SOCAL process was first developed seminal work by Wang & McCarthy in 2016 [62]

and has obtained increasing attention since its publication [4, 52, 62, 63, 106–109]. The

general concept of the SOCAL coating lies in the rapid condensation of PDMS chains on

the surface of a substrate. This is achieved via an acid-catalyzed chemical reaction between

an activated surface and a SOCAL reactive solution to allow polymer chains to be deposited

in the surface of the substrate. The SOCAL reactive solution is made out of a mixture of IPA,

dimethyldimethoxysilane (DMDS) and sulphuric acid (90, 9 and 1% wt., respectively) and must

be mixed in that order to avoid exothermic reactions.
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Figure 3.1: Humidity chamber schematic. a) The airflow is split into 2 lines, a humid air
line and dry air line. b) The humid air line is regulated by a stepper motor controlled valve.
c) dry air line regulated by a stepper motor controlled valve. d) Microcontroller regulating the
air valves. e) The humid air line is saturated by passing air through water reservoir inside a
gas washing bottle (blue circle). f) After saturation, large droplets in the air are captured in
a second empty gas washing bottle (white circle). g) The humid and dry air lines merge into
one to provide the humidity chamber with the air source. h) Relative humidity and temperature
sensor controlling the stepper motors through the use of the microcontroller.

The SOCAL reactive solution is then prepared inside a 100mL screw top bottle, with a bottle-

mouth wide enough to allow the unimpeded passage of a laboratory glass slide vertically.

To prepare the reactive solution, 92mL of IPA is measured in a 100mL graduated cylinder

and poured into the screw-top bottle. Then, 8mL of DMDS is withrawn with a 10mL syringe

inserted into the membrane of the air-tight DMDS container. The DMDS in the syringe is

then added to the IPA and stirred manually using a glass stirrer for a period of 30 s. The

following step is to use a micrometric pipette to carefully extract 390 µL of sulphuric acid from

its container. The solution is slowly stirred as the acid is added slowly, drop by drop, to avoid

a potentially dangerous exothermic reactions. Then the screw-top bottle is closed and the

solution is left to rest for 30 mins at room temperature before use. To avoid inconsistencies

stemming from the hygroscopic nature of DMDS, the solution was re-made once the current

batch exceeded 3 months from the creation date, ensuring that the reactive solution remains

fresh and viable.

Once the substrates are cleaned and the reactive solution has been prepared, the coating

process may begin. The samples were coated according to the method used by Wang &

McCarthy [62]. To obtain surfaces with reproducible low-contact angle hysteresis attributes,

there are four main phases SOCAL coating procedure, as seen in Figure 3.2. The first phase

consists of activating Oxygen-Hydrogen (OH) radicals on the surface of the substrate via air
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Figure 3.2: SOCAL process diagram. The surface of the clean sample is activated using
exposure to air plasma, this opens surface OH radicals. The sample is dipped into the SOCAL
solution which begins the condensation of PDMS chains on the surface. Once the chains have
been created, the surface is rinsed from any acid and left over reactive agents. This leaves a
hair-like flexible nanometric coating on the surface.

plasma exposure. In the second phase, the activated sample is dip-coated in the SOCAL

reactive solution and slowly removed at constant speed. Once the sample is removed from

the reactive solution, the third phase consist of letting the sample dry for a fixed amount of

time in a temperature and relative humidity controlled environment to allow the rapid formation

of the PDMS chains. The fourth and final phase consists of rinsing the coated substrate with

Toluene, IPA and DI water to stop the chemical reaction and remove any left-over unreacted

substances from the surface of the sample. This leaves a nanometric, flexible, hair-like land-

scape on the surface of the sample, giving the surface the so-called liquid-like qualities as

described in Wang & McCarthy’s work [62].

To produce the SOCAL surfaces, there are key parameters that must be optimized which in-

clude: plasma power, plasma exposure time, relative humidity, temperature and drying time. In

this work, the SOCAL production parameters used are based on the optimization parameters

that Armstrong et al utilized to study water droplet evaporation on SOCAL surfaces [4]. A

clean sample is taken and placed inside a Henninker plasma cleaner (HPT-100) at a power
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of 30 W for 30 min. The long exposure of the surface to plasma ensures that the OH radicals

are added consistently throughout all the substrate. If the surface is not activated properly,

the PDMS chains do not form uniformly and may induce pinning by patching or chain length

variation on the surface [4, 62].

The activated sample is then hand dipped into the SOCAL reactive solution. The sample is

left submerged in the solution for 5 s before it is slowly removed at a speed of ∼ 5 mm/s.

The dipped substrate is then transferred to a bespoke relative humidity chamber (Figure 3.1)

and left to dry at 60% RH and at room temperature of 25 ◦C for 20 min. During this period, the

rapid polycondensation of DMDS grafts a homogeneous layer of PDMS onto the substrate,

as on the bottom-left panel schematics of Figure 3.2. Relative humidity is important since

Wang & McCarthy showed that the variation of this parameter yields contact angle hysteresis

values between 1◦ and 20◦ [62]. Additionally, Armstrong et al showed that under the drying

conditions above, contact angle hysteresis values can be reduced to ∼ 1◦ [4].

The last step in this process is the rinsing of the leftover acid and unreacted material from the

surface of the sample. The sample is taken with a pair of ceramic tweezers and thoroughly

rinsed with a continuous flow of DI water, ensuring that all parts of the surface are rinsed.

Then, the sample is subjected to a second rinse using IPA, and again, ensuring to rinse the

whole surface. The rinsing process is finished by an additional thorough rinse with toluene

(Fisher Chemical). This rinsing process is repeated 3 times before the sample is then placed

in a petri dish container and stored for surface characterisation.

3.1.4 Coating of capillary tubes with SOCAL

In literature, there is little research on the coating and characterization of SOCAL surfaces

inside tube geometries. However, in 2019, Geyer, et al. [110] developed a method to coat

the inside of long tubes (1 m) with liquid repellent layers similar to SOCAL, down to an Inner

Diameter (ID) of ∼ 1 mm. This method consist on the liquid activation of surface radicals in

order to coat the surface with water-repellent coatings. In this work, they opted to use liquid ac-

tivation of surface radicals due to the limited diffusion that plasma treatment encounters when

one is dealing with high aspect ratio tube geometries (where aspect ratio = tube length/inner

diameter). The higher the aspect ratio, the longer it takes the plasma to travel through the

inside of the tube. This is particularly important because homogeneous coating of a surface

with SOCAL is dependent on the controlled exposure to air plasma in order to have a well

distributed activation of surface radicals, as shown in Wang and McCarthy’s work [62].

Nonetheless, in 2021, Zhao, et al. [111] published a work on fouling reduction which suc-

ceeded in developing a method to coat metallic flat and tube substrates (length = 200mm,

inner diamater = 5mm) by sintering a layer of silicon dioxide which is reactive with the SOCAL

solution. On one hand, the contact angle hysteresis measurements on their flat samples
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was measured to be between 3◦-6◦, comparable to results to other SOCAL surface public-

ations [62]. On the other hand, coated tubes were cut in half and low friction interactions were

identified by running a flow on the tubes. Tubes that exhibited low Reynolds numbers were

used to compare with uncoated ones and a clear smoothing of the surfaces was observed via

Scanning Electron Microscopy (SEM) imaging. Although this method offers great potential in

the coating of tubes, no direct measurement of the SOCAL surface inside the tubes has been

made. Additionally, this process is limited to materials that are able to withstand temperatures

of at least 500 ◦C [111], which can limit the applicability of this method.

Length dependent coating

For capillary tubes of 100 mm in length, 1.6 mm in outer diameter and 1.2 mm in inner

diameter, a trial and error test determine that an aspect ratio of 0.06 was sufficient to achieve

a complete coating of the tube. For aspect ratios larger than this, the coating becomes in-

homogenous and the wettability of the inner tube transitions from a hydrophobic configuration

to hydrophilic one after ∼ 20mm. Hence, for the following procedure, the capillary tube length

is fixed at 20mm.

SOCAL process for capillary tubes

Capillary tubes (Outer Diameter (OD) = 1.6 mm, ID = 1.2 mm, length = 100 mm) are sectioned

into samples of 20mm in length. This is done by creating an imperfection of the crystal

structure of the capillary tube by running a thin file on the outer surface of the capillary tube.

The imperfection is then tapped lightly to induce a clean break of the glass. The samples are

then placed in a separate container to await cleaning.

The cleaning procedure for the capillary tubes is analogous to the cleaning procedure for flat

surfaces. Sectioned capillary tubes are submerged in a solution of DI water and detergent

(Decon 90-Water, 2% solution) and placed in an ultra-sonic bath for 30 min. The samples

are then taken out of the solution and, with the use of a syringe, they are rinsed thoroughly

with acetone, IPA and DI water. The samples are then blown dry with an air gun to ensure no

solvent traces are left inside the inner surface and then set aside in a container.

Once the capillary tube samples are clean, the OH radical of the surface are activated by

exposure to air plasma using a plasma cleaner (Hennniker HPT-100) operating at 30W for

30 minutes. The tubes are then immediately removed from the plasma oven with ceramic

tweezers and hand dipped into SOCAL solution. The samples are then slowly removed at a

speed of ∼ 5cm/s and the bottom edge of the tube is pressed lightly against a paper tissue to

remove excess liquid via imbibition, ensuring that there is no excess of liquid at the end on the

tube to facilitate air flow. The sample is then placed to dry inside a humidity chamber at 60%
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relative humidity and at room temperature (T = 25 ◦C) for 40 minutes ensuring that air is able

to flow as it dries. Subsequently, the sample removed from the humidity chamber and rinsed

vigorously with toluene, IPA and DI water to stop the SOCAL reaction and remove unreacted

material. The sample is then blown dry with an air gun and stored in a petri dish.

3.2 Surface characterisation

As mentioned in the previous chapter, the parameter that measures static friction on sur-

faces is known as contact angle hysteresis, ∆θ . This quantity is measured by obtaining two

characteristic values: the advancing and receding contact angle, θA and θR, respectively. The

difference between these two values is what determines the contact angle hysteresis, as

shown in Equation 2.14.

The subtlety of measuring this quantity comes from the definition of the advancing and re-

ceding configurations. These configurations are defined as the onset of motion of the contact

line, and in order to measure them accurately, Shirtcliffe, et al. [34] stated that one must

approach these asymptotic values at infinitely slow speeds. This is the reason why most well

known characterisation methods try to encapsulate these points with significantly slow moving

contact lines to approach this limit and approximate a value of θA and θR, such as the slow

inflation and deflation of a droplet or the careful tilting of a surface to induce motion.

The work in this thesis looks into four methods to determine contact angle hysteresis. The first

and second methods are well-studied in the literature: the volumetric variation method [4, 5,

39, 112] and the sliding angle method [2, 38, 39, 113]. The third method is a novel character-

isation that was developed in this thesis as a product of the unique static and dynamic friction

attributes of SOCAL and is named as the contact line relaxation method. The fourth method is

another novel method to measure contact angle hysteresis on SOCAL coated capillary tubes

which uses the capillary action to approximate the advancing and receding contact angles.

3.2.1 Volumetric variation method

Consider a sessile droplet of R < κ−1, resting on the surface at θe, with a needle centered

and inserted directly on top of the droplet, as seen in Figure 3.3(a). After a stable state is

reached, liquid is pumped into the droplet at a fixed flow rate (Figure 3.3(b)) which increases

the apparent contact angle θ . The droplet then reaches the threshold advancing contact angle

θA, the maximum angle the droplet can hold in a stable configuration, which forces the droplet

to de-pin, resulting in the motion of the contact line (Figure 3.3(c)). Once the inflation of the

droplet is stopped, the liquid is slowly pumped out of the droplet, decreasing the volume of

the droplet and forcing the contact angle to decrease (Figure 3.3(e)). As with the pump-in

procedure, the contact angle of the droplet continues to decrease until it reaches the receding

contact angle θR and the contact line begins retract (Figure 3.3(f)).
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Figure 3.3: Volumetric variation method. a) Sessile droplet on solid surface. b) Inflation of
the droplet by pumping in liquid through the needle. c) The droplet reaches θA and begins
to move. d) Static droplet after pump-in period is stopped. e) Deflation of the droplet. f) The
receding angle, θR is reached and the contact line moves.

Figure 3.4: Schematic of typical ∆θ measured with the volumetric variation method. The
advancing angle θA is obtained by relating it to the onset of motion of the contact line in the
pump-in period (dashed arrow in pump-in region). Analogously, the receding contact angle
θR is defined as the instance in time where the base radius starts to retract (dashed arrow in
pump-out region). The interval defined by these two limits is the contact angle hysteresis ∆θ .
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Table 3.1: Initial θA, θR and ∆θ results using the volumetric variation method. ∆θ

measurements of 8 different samples created with the production following parameters: 30W
plasma power, 30 min plasma time, and 20 min drying time at a relative humidity of 60% and a
temperature 25 ◦C. Each value represents the average of three separate measurements with
the corresponding standard deviation. The lower section of the table is the mean of all the
measurements and the standard deviation (s.d).

Sample θA (◦) θR (◦) ∆θ (◦)
1 104.0±0.7 102.3±0.4 1.6±0.9
2 104.0±0.4 102.3±1.0 1.7±1.2
3 104.9±2.5 103.0±1.8 1.9±0.8
4 106.1±0.3 104.0±0.5 2.1±0.6
5 105.1±0.5 104.8±0.2 0.2±0.5
6 107.0±0.6 106.0±0.6 1.0±0.1
7 106.2±0.9 103.9±0.9 2.3±0.5
8 105.2±0.9 104.3±0.2 0.9±0.7

mean (◦) 105.3 103.8 1.5
s.d. (◦) 1.3 1.4 0.9

Contact angle goniometry is used to obtain the contact angle and the base radius as a function

of time [4, 62]. Figure 3.4 shows a schematic of how the results are expected to behave using

the volumetric method. When the pump-in period is started, the contact angle increases first,

while the base radius remains static. The base radius begins to move an instance in time,

which is used to obtain a value of the contact angle to define θA. Similarly, in the pump-out

period, the contact angle begins to decrease while the base radius remains pinned. θR is

then measured at the point in time where the base radius is de-pinned and starts to retract.

Then, the measured values of θA and θR are used to define the contact angle hysteresis as in

Equation 2.14.

The most important aspect is in this method lies in choosing an appropriate flow rate, q̇, to

approach the onset of motion of the base radius. Since this method aims to approach an

asymptotic limit in the motion of the contact line, the corresponding increase in volume of the

droplet must be gradual and slow [34]. This is the reason why most works using this method

move the contact line of the droplet at speeds in the scale of µL/s [4, 34, 114].

Table 3.1 shows the results of ∆θ measurements using the parameters outlined in the previous

section. The average contact angle hysteresis is comparable to that of previous works on

SOCAL surfaces [4, 62], indicating that the process of coating has been achieved succesfully.

However, error measurements account for a large fraction of the ∆θ measurement itself. The

limitations and improvements of this method, and particularly on SOCAL, is explored in more

detail in Chapter 4.
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3.2.2 Sliding angle method

This method of measuring contact angle hysteresis was developed to overcome scenarios

where the side profile of the droplet is not clearly visible. For instance, this method is com-

monly used in LIS surfaces since the triple point of the interfaces is difficult to determine

due to the formation of wetting ridges between the lubricating liquid and the liquid droplet.

Figure 3.5 shows the procedure to measure contact angle hysteresis using the sliding angle

method. A droplet of fixed volume is first placed on a levelled surface and left to reach the

equilibrium configuration (Figure 3.5(a)). This surface is then gradually tilted, usually fractions

of a degree at a time, creating a tilting angle, θtilt , with the initial levelled surface. The tilting of

the surface forces the left and right contact angle (θl and θr, repectively) to change along θtilt

(Figure 3.5(b)). θl and θr will continue to change until a critical tilting angle called the sliding

angle, α , is reached, where θl = θR and θr = θA, inducing the motion of the droplet down the

inclined plane, as seen in Figure 3.5(c). The sliding angle, α , is characterised as the tilting

angle at which the droplet begins to move [38, 115] and the dissipative force, F , is defined

as [5]

F = mgsinα, (3.1)

where m is the mass of the droplet and g is the acceleration due to gravity. This dissipative

force is related to ∆θ through Equation 2.15, which yields the following relationship.

α = arcsin
(

2rγ(cosθR − cosθA)

mg

)
. (3.2)

Note that this method is dependent on the mass of the droplet, so the sliding angle can vary

depending on the size of the droplet.

On SOCAL surfaces, comparisons between the volumetric method and the sliding angle

method show an apparent difference. For instance, while SOCAL is reported to exhibit low

contact angle hysteresis, the sliding angle is apparently larger than one would expect for

a surface with such low static friction [116]. This can be appreciated in Figure 2.9(b) in

Section 2.3.5, where a water droplet on SOCAL is apparently static even at a tilting angle

of 5◦. This is significant because superhydrophobic surfaces and LIS both have similar, if

not larger, values of contact angle hysteresis to SOCAL surfaces. Therefore, droplets of the

same liquid and volume should slide at similar angles. Additionally, an interesting aspect is

that at tilting angles of 15◦, the droplets on SOCAL move much slower that other ultra-smooth

surfaces [2]. This highlights the need to further understand the statics and dynamics of liquid

fronts on surfaces such as SOCAL. The relationship of the static and dynamic friction on

SOCAL surfaces is further discussed in Chapter 4.
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Figure 3.5: Sliding angle method. a) Droplet sitting flat on a surface at θe. b) The surface
is gradually tilted at an angle θtilt , changing the value of the left and right contact angles, θl
and θr. In the case shown here θl < θr. c) When the contact angles reach the advancing and
receding configuration, θA and θR, the tilting angle reaches the sliding angle, θtilt = α , which
forces the droplet slide downwards.

3.2.3 Contact line relaxation method

This method was developed in this thesis as an alternative to the volumetric variation method.

One of the limiting factors when using the volumetric variation method is choosing the appro-

priate flow rate to drive the motion of the contact line. Shirtcliffe, et al. [34] stated that one can

only measure the this transition if one approaches the advancing or receding contact angle at

infitenely slow speeds. In the literature, contact line velocities do not normally exceed a couple

of µm/s with some studies using the recess of the contact line provoked by the evaporation of

the droplet [4]. On SOCAL, as shown in further chapters, the transition of the droplet between

static and dynamic states is smooth rather than a sharp change, making the determination of

the initial motion of the contact line difficult. This impacts the determination of the advancing

and receding contact angle due to the large changes in contact angle during the inflation or

deflation period, which translate to human errors of ∼ 2◦, a significant error considering the

contact angle hysteresis reported in literature for low pinning surfaces [2, 4], i.e, with ∆θ ≈ 2◦.

In order to overcome this limitation, a method based on the thermodynamic relaxation of

the contact line is developed in this work using the relaxation of the contact line after it

has been inflated/deflated to determine the advancing and receding contact angles. The

regions of interest in this method are the ones labeled as Statica, for the advancing relaxation,

and Staticr, for the receding relaxation. Figure 3.6 shows an schematic of the procedure of

the contact angle relaxation, the experiments are done at controlled relative humidity and

temperature conditions. An water droplet of fixed volume and R < κ−1 is deposited on a

sample and let to relax to a stable state. The needle is positioned to one side of the droplet,

ensuring that the shape of the droplet is not deformed. Then, a fixed volume of water is

pumped into the droplet through the needle at a constant flow-rate, q̇, until motion of the

contact line is observed. The pumping is then stopped and the droplet is left to relax in

order to adopt the minimum state of energy allowed by the surface, which corresponds to the
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Figure 3.6: Contact angle relaxation method. a) Static droplet of fixed volume and static
contact angle. b) Droplet is inflated a a fixed flow rate. c) Droplet is left to relax to the upper-
bound stable configuration, θA. d) Static droplet after inflation. e) Liquid is pumped-out of
the droplet to force the contact line to recede. f) Droplet relaxes to the lower-bound stable
configuration, θR.

advancing contact angle θA. After the advancing relaxation period, a fixed amount of liquid

is pumped-pumped out of the droplet through the needle, forcing the contact line to recede.

After this dynamic period, the pump is turned off and the droplet is left to relax to the second

stable energy state determined by the surface, the receding contact angle θR.

The contact angle measurements are then extracted from the droplet images and an expo-

nential equation is used to obtain the asymptotic limit for both relaxation regimes,

θ(t) = θS +δθ0 exp(−t/τ)+ωt, (3.3)

where θ(t) is the contact angle as a function of time (t), θS is static contact angle defined

by the asymptotic limit of the relaxation, δθ0 is the amplitude of the exponential, τ is the

relaxation time and ω is a constant that accounts for the deviation of the contact angle

caused by evaporation effects. The evaporation effect on the contact angle arises from the

constant evaporation of the droplet due to the ambient conditions, however, when the relative

humidity is set close to thermodynamic equilibrium, the contact angle relaxes to well defined

flat plateaus. Hence, in the case of high relative humidity, the correction constant tends to

zero, ω −→ 0. Note that the θS defines the advancing or receding contact angle depending
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Figure 3.7: Contact line relaxation method. a) Advancing and receding relaxation regimes
from a sample set of data. b) Exponential fits of the advancing and receding relaxation
regimes.

on the regime of motion of the contact line, therefore

θS =

θA, for advancing relaxation

θR, for receding relaxation.
(3.4)

Figure 3.7 shows a sample set of data where the advancing and receding relaxation are iden-

tified in panel a). The relaxation regimes are selected from the data and Equation 3.3 is used

to obtain the advancing and receding contact angles. For the case shown in Figure 3.7(b),

θA = 103.8◦ and θR = 101.6◦.

The accuracy of this method is further analyzed in Chapter 4 and a comparison with the volu-

metric method shows that this method is more accurate to measure contact angle hysteresis

on SOCAL surfaces. Additionally, in Chapter 6, this method is used as a base to measure the

contact angle hysteresis inside SOCAL coated capillary tubes by observing the relaxation of

the contact line on a moving capillary action liquid front.

3.2.4 Characterization of SOCAL inside a capillary tube

One of the most important aspects of surface characterization is the measurement of contact

angles. For flat surfaces, one can obtain the measurement of apparent contact angles of the

droplet by looking at a side profile image of a droplet. In capillary tubes, this type measure-

ment becomes challenging due to the optical limitations of a glass capillary tube geometry.

Refractive index matching offers a solution to observe the contact line of the liquid front inside

the tube, however, the measurement of precise apparent contact angles is challenging to

determine due to the inner curvature of the capillary tube. An alternative way to measure the

apparent contact angle inside a capillary tube is to make use of the spreading properties of

liquids inside tube geometries known as capillary action.
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Figure 3.8: Schematic of experimental setup to measure CAH on capillary tubes. a)
Arduino Uno microcontroller used to control stepper motor for the linear stage. b) Linear stage:
Stepper motor (green) turns threaded metal bar with sample holder (yellow) which allows z-
direction motion. c) SOCAL coated capillary tube sample (20mm in length). d) De-Ionized
water reservoir (18MΩ− cm). e) LED white light source with diffuser. d) IDS camera running
at 20 fps.

Jurin’s Law (Equation 2.12) can be rearranged to provide an approximation of the apparent

contact angle inside thin tubes as a function of Jurin’s height, θ(H), which reads as

θ(H) = arccos
(

Hρgrt

2γ

)
, (3.5)

where rt is the radius of the capillary tube.

Using Equation 3.5, one can design an experiment where a capillary tube normal to the

surface of the liquid is dipped into water to measure Jurin’s height. Moving the tube into

the liquid moves results in the motion contact line of the liquid column and by allowing it

to relax, one can obtain the values of the advancing and receding contact angles to calculate

the contact angle hysteresis inside the tubes.

Figure 3.8 shows an schematic of the experimental design to measure contact angle hyster-

esis using capillary action. To achieve accurate measurements of Jurin’s height for moving

contact lines, an experiment that allows controlled motion and static states is necessary. A

linear stage was created to be able to precisely control the dipping of a capillary tube into a

water reservoir. The linear stage consists of two parallel metallic shafts, the first bar acts as a

stabilizer for the sample holder and a second shaft is threaded, acting as the axis of rotation

for the sample holder to move up or down. The rotation of the threaded shaft is done via the

use of a stepper motor, driving the motion of the sample holder in the z-direction. The motion
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Figure 3.9: Experimental method for Contact angle hysteresis on SOCAL coated
capillary tubes. The sample is lowered until the contact line of the water pillar starts to move,
(a).The sample is then lowered further at a speed of 25 mm/s and stopped when the interface
starts to move. The sample is let to relax for 120 s for the contact line to stabilize, (b). The
sample is then lifted at 25 mm/s and stopped when the interface moves again. The interface
is left to relax another 120 s, (c).

of the linear stage motor is controlled using an arduino based microcontroller connected to a

touch screen display (Figure 3.8(a)), allowing the user to start or stop the motor and control

the direction of rotation. The linear stage is placed directly above and perpendicular to a DI

water reservoir (Figure 3.8(d)).

The optical array to gather experimental results consists of a camera and white LED light

source carefully aligned with the surface of the water reservoir, ensuring that the inner surface

of the liquid is clearly visible. The camera takes images at resolutions between 18 − 56

pixels/mm and records video data at 20 fps. The high resolution allows to obtain height

measurements precisely with an error of 24.4 µm, which translates to a contact angle error

of 0.04◦ for the measurement.

SOCAL capillary tubes are placed on the sample holder, ensuring that the open end of the

tube is perpendicular to the surface of the water reservoir. The sample is then lowered until

the surface of the water is breached and the capillary is at a depth beyond Jurin’s height. This

is done by ensuring that the contact line of the water pillar inside the tube begins to move into

the capillary tube, as seen in Figure 3.9(a). After a static state of the interface is determined,

the capillary tube is lowered at a speed of 1mm/s and stopped once the contact line of the

liquid pillar has moved. The contact line is then left to relax to the advancing contact angle

configuration for 120 s (Figure 3.9(b)). After the first relaxation period, the sample is lifted at a

constant speed of 25 mm/s and stopped when the contact line of the liquid pillar has retracted.

The contact line is left to relax for a further 120 s to let the contact line reach the receding

contact angle configuration (Figure 3.9(c)). The measurements of Jurin’s heights are taken

at the end of the relaxation periods and Equation 3.5 is applied to obtain the values of the

contact angle at those points. The results of surface characterisation with this method can be

appreciated in Chapter 6.
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Figure 3.10: Fitting of the contour of a droplet using the Python Droplet Shape Analyzer
(PyDSA) software. a) Image of a droplet extracted from the IDS CCD camera. b) Selection
of regions of interest (red rectangle), baseline (blue line) and length scale (green dots). c)
Identified contour (green dots) using the Canny edges algorithm. d) Zoomed up image of
contour of interest. e) Third degree polynomial fitting to the contour of the droplet. f) Zoomed
up image of the fitting of the interface.

3.3 Image analysis

3.3.1 Imaging of droplets

Contact angle goniometry refers to the technique of acquiring contact angle measurements of

a droplet using its side profile and it is one of the most used methods to obtain contact angle

measurements in the literature [117]. Although the measurement of a water droplet may seem

simple, there are some key challenges that need to be overcome. The biggest challenge to
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address is the transparency of the water droplet, which needs to be carefully addressed in

order to obtain accurate measurements of the contour of the droplet. This is achieved by

casting a shadow around the droplet using a small aperture light source. This creates a sharp

contrast of the contour of the droplet, enabling the user to obtain a clear image of the shape of

the droplet and facilitating the processing of the data. This is shown in panel (a) of Figure 3.10.

In this work, two different software suites are used to obtain measurements from the video

images taken in experiments: Krüss Advance software package [118] and the open source

Python Droplet Shape Analyzer (PyDSA) analyser environment [31].

The Krüss Advance software is an off-the-shelf suite that allows the measurement of sessile

droplet data. The software takes side profile images and obtains the contour of the droplet.

It operates by fitting a function to the detected contour to determine droplet variables such

as contact points, contact angles, base radius and volume. According to the manufacturers

manual, this software is able to achieve measurement resolutions of 0.01◦ [119]. The software

offers a variety of fitting functions, and for the works presented in this thesis, a tangent method

fitting was employed.

The second image processing software is the most used throughout this thesis and is called

PyDSA. This software is an open source Python based Droplet Shape Analyser (DSA) that

allows the user to have additional input on the determination of the contour of the droplet and

their contour fitting functions. The wide range of optimization options enables a better fit to the

contour of the droplet, offering flexibility and accuracy to the analysis of the data.

In PyDSA, the image analysis process requires a side profile image of the droplet, as seen

in Figure 3.10(a). In order to scale the image, an object of known length is needed to obtain

the amount of pixels per millimeter in the image. In this case, the outer diameter of the needle

(0.361mm) is used to scale the image by defining two green markers that provides a length

scaling factor (Figure 3.10(b)). The user then defines the region of interest delimited by a

red rectangle in Figure 3.10(b), ensuring that the needle does not affect the measurement of

the contact point of interest (the right contact point). The baseline is manually determined by

zooming into the contact points where the droplet meets the surface, ensuring that it is clearly

visible, and the reflection of the droplet on the surface is used to accurately determine the

triple points (Figure 3.10(b)). The careful determination of these aspects allows the software

to accurately determine the contour of the interface of the droplet.

To obtain the spatial coordinates of the contour of the droplet, PyDSA utilizes the Open Source

Computer Vision Library (OpenCV). This library is used to run the Canny edge detection

function developed by John Canny in 1986 [120]. This function uses a multi-stage algorithm

which detects the boundary between two threshold contrast values. It filters the noise in the

boundary to provide a continuous edge for the boundary. The canny edges algorithm is the

process used to detect and map the points of the contour as discrete points in Cartesian

coordinates, along with the units according to the scaling factor obtained from the needle width



3.3. Image analysis 59

1 mm

H

a) b)

c)

Figure 3.11: Jurin’s height determination. a) Image of capillary tube submerged in water.
H is determined by the difference between the base line (horizontal yellow line) and the
meniscus of the liquid front(vertical yellow line). b) Zoomed image of the base of the capillary
tube. The two points where the liquid stops being deformed by the solid (red circles) indicates
the surface of the liquid, i.e., the baseline. c) Zoomed image of the liquid-gas interface inside
the capillary tube. The meniscus is identified by the green circle.

(Figure 3.10(c-d)). These contour points are then used to interpolate a polynomial function

to obtain a continuous line over the contour. The polynomial function used for the contour

points is of third degree since it is the fitting method which follows the contour accurately

for the interface of the droplet. PyDSA uses the third degree polynomial function to find the

intersection with the pre-determined base line. A tangent line is calculated for the polynomial

function at the points of the intersection and the contact angle is defined as the angle between

the tangential and base line the direction of the centre of the droplet (Figure 3.10(e-f)). The

base radius is defined as the distance between the two intersection points which allow us to

determine other characteristic values such as the volume and spherical radius of the droplet.

In the study of droplet wetting phenomena, the key parameter is the value of the contact angle

a droplet makes on the surface. Therefore, it comes as no surprise that the accuracy of contact

angle measurement is a popular topic in the literature [117, 121]. Vuckovac et al published a

research paper studying the accuracy of contact angle goniometry. They found that the error

in the measurement of contact angles increased exponentially with higher values of contact

angle caused by the deviation of a pixel in the determination of a baseline. However, in their

studies, for contact angles below 150◦ the goniometric error associated with slight deviation

of the true contact line is between 0.5◦ to 1◦ [117].



3.3. Image analysis 60

a) b)

c) d)

θ θ

θ

Figure 3.12: Contour fitting of simulation data. a) Contour where φ = 0, defining the
interface of the simulated droplet. b) Zoomed image of the contour points close to the solid
interface. c) Ellipse fitted the contour of the droplet and contact angle measurements obtained
from tangents at the triple point. d) Zoomed image of the tangent obtained according to the
ellipse.

3.3.2 Measurement of Jurin’s height

ImageJ, an open source imaging processing software, is used to obtain the values of Jurin’s

height from the video images obtained in the experiments. To determine this height, a baseline

is identified as the intersection between the points where the liquid stops being deformed by

the solid, which points to the surface of the water reservoir (Figure 3.11(b)). The meniscus

of the liquid column is measured at the lowest or highest point of the liquid column inside

the capillary tube (Figure 3.11(c)). A vertical line is then drawn between the baseline and the

meniscus, which defines the value of H (Figure 3.11(a)).
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3.3.3 Measurement of Lattice Boltzmann simulation data

Lattice Boltzmann simulations yield simulation data in the form of scalar or vector fields. In

order to obtain information from this fields, it is necessary to be able to obtain the spatial

coordinates of the boundary contour between the two phases. The phase field φ , is given as

a scalar field where each element of the field contains a value between −1 ≤ 0 ≤ 1, where −1

and 1 denote if the region is in the liquid or the gas phase, repectively. The boundary between

these two phases is where φ = 0, which one can use to find the contour of the droplet. For this

purpose, a bespoke Python program was written in order to be able to obtain and plot this type

of information from the simulation outputs. The program loads the phase field and identifies

the spacial coordinates where φ = 0, as seen in Figure 3.12(a-b). Those coordinates are

used to fit an ellipse function and,similar to the process followed in the PyDSA environment,

the base radius is obtained by measuring the distance between the intersection points of the

base line and the interpolated ellipse. To obtain the values of the contact angle, a tangent line

is calculated at the intersection points of the base line and the ellipse. Then, the contact angle

is measured between the tangent line and the base radius in the direction of the centre of the

droplet, as seen in Figure 3.12(c-d).

3.4 Conclusion

This chapter has given details of the production of SOCAL surfaces and presented exper-

imental techniques to characterise slippery surfaces. The SOCAL production is started by

the thorough cleaning of a glass substrate in order to ensure no contaminants affect the

growth of the polymer chains on the surface and that a homogeneous coating is achieved. The

SOCAL process consists of the polycondensation of PDMS onto a plasma exposed activated

surface. This is achieved through a acid-catalyzed reaction of DMDS and the OH radicals on

the activated surface. The surface is then rinsed with Toluene and IPA to stop the reaction and

wash away any left over non-reacted substances. The parameters used in the production are

taken from the literature and initial results of the contact angle hysteresis show that SOCAL

surfaces have been successfully produced.

The characterisation methods reviewed in this chapter include the volumetric variation method,

the sliding angle method and the proposed contact angle relaxation method. The volumetric

variation method is one of the most used method of droplet characterisation in the literat-

ure. As the name suggests, this method varies the volume of the droplet by pumping-in

or pumping-out liquid from a fixed volume droplet which forces the contact line to move.

The onset of contact line motion during the volume change period is used to determine the

values of the advancing and receding contact angles, determining the value of contact angle

hysteresis. The second method reviewed in this chapter is the sliding angle method. This
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method consists in the gradual tilting of a surface which contains a sessile droplet. Once

the tilting of the surface deforms the droplet to the advancing and receding configuration, the

droplet begins to slide at a characteristic sliding angle, providing information about the contact

angle hysteresis of the surface.

When compared to other slippery surfaces, there seems to be a disagreement between

the static and dynamic on SOCAL surfaces. Hence to increase accuracy of measurements,

a novel way to measure contact angle hysteresis is presented based on the minimization

of surface energy. The method is named contact line relaxation method, which utilizes the

relaxation of the droplet after is has been perturbed by a volume change and a exponential

equation to asymptotically approach the values of the advancing and receding contact angles.

The following chapter compares the results taken from the volumetric variation method and

the contact line relaxation method. Additionally, the contact line relaxation method provides

further details of the dynamics of the contact line which are used to understand how a liquid

front moves on SOCAL surfaces.

This chapter also reviews some of the experimental designs and imaging techniques to obtain

data from the experiments. A bespoke relative humidity chamber is built in order to facilitate

the production of SOCAL surfaces at a fixed relative humidity. Additionally, a bespoke linear

stage is created to enable the precise dipping of capillary tubes into liquid reservoirs. Lastly,

the imaging processing techniques employed in this thesis are provided for droplets, liquid

columns in tubes and simulation data.



Chapter 4

Static and dynamic friction of the

contact line on SOCAL surfaces

This project aims to study the motion created by the intermolecular interaction of interfaces

generated by a gradient in relative humidity. Molecular forces are small compared to the

forces that resist the lateral motion of droplets on a normal solid surface due to their inherent

roughness. For this reason, the interaction between droplets and low friction ultra-smooth

surfaces are of particular importance at a fundamental level in this project. As discussed

in previous chapters, although ultra-smooth surfaces are difficult to find in nature, current

surface engineering technology allows us to create surfaces that allow motion of droplets with

remarkable ease. These engineered surfaces have a many applications that span from ink-jet

printing [122], coating [123] and lubrication [124] systems.

Minimizing the interaction, especially friction, between liquids and surfaces have the potential

to allow parameters such as surface tension to dominate the behaviour of droplets on solids. A

potential candidate for this endeavour are ultra-smooth topographies such as the ones found

on SOCAL surfaces. This coating procedure is a novel type of engineered surface that exhibits

remarkably low static friction for many liquids, which span from surface tension values of 18.4

to 78.2 mNm−1 [2, 4, 62]. SOCAL surfaces consist of a nanometric monolayer of polymer

chains that are grafted onto a solid glass surface with the aid of a acid-catalyzed reaction with

DMDS [62]. The polymer chains of a SOCAL surface are flexible, and play a role similar to that

of an intermediary liquid lubricant film used to create SLIP surfaces [51] and LIS [60] (refer to

Chapter 2), masking chemical and topographical imperfections. However, unlike SLIP surfaces

or LIS, the polymer chains on SOCAL surfaces allow the droplet to maintain a solid-liquid-gas

contact line, which enables the accurate use of classical approaches like the Young-Dupré

equation. On SOCAL surfaces, droplets exhibit very low contact-angle hysteresis, typically of

5◦ or below [62]. Despite this low hysteresis, droplets on this surfaces exhibit a remarkably

low mobility [2], with recorded slip angles higher than 5◦, indicating the existence of a high

dynamic friction taking part in the in the motion of the droplet. From a fundamental point of

view, this raises important questions about the physical mechanism governing the motion of

contact lines on SOCAL surfaces.

63
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In this Chapter, the static and dynamic behaviour of water droplets is studied on SOCAL

surfaces by utilizing surface characterisation to compare it with well known theories that aim to

describe a contact line in motion. CCA evaporation experiments are presented and compared

to literature to confirm that the surfaces produced show similar behaviour as those described

in literature.

Subsequently, the static friction and dynamic friction on SOCAL surfaces is studied. Volumetric

variation experiments of pure water droplets are performed at fixed flow rates, controlled

relative humidity and temperature conditions. Initial results show a smooth transition of static

to dynamic behaviour of the contact line which make the determination of the advancing and

receding contact angle challenging. To overcome this, a novel method to measure contact

angle hysteresis is developed by looking at the relaxation to equilibrium of the contact line

after a fixed flow rate volume change. A comparison with classical methods of contact angle

hysteresis measurements shows that the relaxation of the contact line at high relative humidity

yields well-defined, more accurate and reproducible results for SOCAL surfaces. Using static

and dynamic concepts of droplets on solid surfaces, it is predicted that the pinning force is

proportional to the contact angle hysteresis and the surface tension. The expressions for the

theoretical relaxation times of the contact line are calculated according to the hydrodynamic

model (Cox-Voinov theory) [19] and the MKT [20]. A comparison with experimental data shows

that the contact line of the droplets follows the kinematics described in the MKT.

Out of equilibrium experiments are performed for both different flow rates for the change in

volume and in relative humidity conditions. For the variation in flow rate, which was varied

between 1 to 10 µL/min, the results show that the contact angle relaxes to well defined

delimiting values, regardless of the flow rate used. For the variation in relative humidity, it is

found that there is a significant influence in the relaxation of the contact line which affects

the determination of the relaxation contact angle and dynamically affects the value of the

evaporation contact angle in a quasi-static state. Hence, the relaxation of the contact line

is only well defined for higher values of relative humidity where the effects of evaporation

are mitigated. This study concludes with the comparison of the experimental results with the

theoretical curves predicted by the hydrodynamic and the MKT. The results show that the

relaxation of the contact line is in remarkable agreement with prediction of the MKT [125].

The work presented in this Chapter is original work published as a journal paper and can be

found in Appendix A.
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4.1 Evaporation of SOCAL surfaces

One of the aspects that describes low friction interactions between droplets and surfaces

is the behaviour of evaporation, first discussed by Picknett and Bexon [25], in which they

predict that in perfectly smooth surfaces, liquids evaporate at a constant contact angle. As the

droplet evaporates, it decreases in volume, which forces the droplet to either decrease the

base radius, r, or to change the value of its apparent contact angle, θ , with the surface. CCA

evaporation follows the behaviour of the former of those two cases, as shown in Chapter 2. In

this mode, as the droplet decreases in volume, the apparent contact angle remains constant

while the contact area, A, of the droplet decays linearly.

For SOCAL surfaces, this mode of evaporation was first observed by Armstrong, et al. [4].

Hence, evaporation experiments on a SOCAL surfaces produced with the parameters repor-

ted in the literature are performed to confirm that the SOCAL surfaces in this project have

comparable properties.

Experimental setup

The samples are glass slides (25mm× 75mm) coated with SOCAL which are cleaned and

prepared following the methodology described in Chapter 3.

Figure 4.1 shows the schematic of the Krüss Droplet Shape Analyzer 25 (DSA25). This piece

of equipment allows the collection of profile images of small droplets on surfaces, a technique

known in literature as contact angle goniometry [117]. A commercial temperature-humidity

chamber (TC30) is adapted to the main frame of the equipment which allows the precise

leveling of the supporting stage, control of the surface temperature and control the relative

humidity conditions inside the chamber.

The experimental procedure begins by placing the SOCAL sample inside the temperature

and humidity chamber attached to the Krüss DSA25 in Figure 4.1. The temperature (T ) and

relative humidity (RH) conditions are set to stabilize at T = 25±0.1 ◦C and RH = 70%±0.5%.

Then, a 4.0± 0.3µL droplet of DI water (type III, purified in an Elga PURELAB Option-Q lab

water purification system) is dispensed on top of the SOCAL sample and detached from the

needle. Video recording is started at 1 frame every 10 s at a resolution of 2 µm/pixel and is

stopped once the droplet has completely evaporated from the surface.

The images are analyzed using the Krüss Advance software package. To obtain accurate

measurements of the base radius and contact angle, the base line is identified using the

reflection of the droplet on the surface. The software package then identifies the contour of

the droplet and a elliptical fit of the profile is used to approximate the shape of the droplet. The
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Figure 4.1: Krüss Droplet Shape Analyzer 25 (DSA25). Schematic of the Krüss Droplet
Shape Analyzer (DSA). a) Water droplet resting on a SOCAL surface. b) Micrometric dosing
system adapted to the body of the DSA. c) CCD camera from IDS taking images at 20 fps. d)
Commercial temperature and humidity chamber (TC30) from Krüss.

base radius is calculated by measuring the distance between the two intersection points of

the baseline and the fitted ellipse, where a tangent fit is used to obtain measurements of the

contact angle. The contact angle data is given as a mean between the two angles measured

at the intersection points, as no discrepancies between the two edges were observed.

Evolution of contact angle and base radius of the droplet

Figure 4.2(a) shows a typical evaporation sequence in the conditions outlined in the experi-

mental setup of this section. The contact angle remains constant for the majority of the evap-

oration while the decay in contact area follows the linear trend as predicted in Equation 2.34

from the diffusion limited evaporation. The results in this panel are consistent with the results

obtained by Armstrong, et al., which are reproduced in panel (b), for similar experimental

parameters. Panel (c) shows the contact angle as a function of the decrease in volume of the

droplet as it evaporates. The contact angle remains constant for the majority of the volume

decrease, as expected in CCA. This plot is used to identify the interval of interest of the CCA

evaporation mode as reported in ref [4] to avoid initial thermal relaxation of the contact angle
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a) b)

c) d)

Figure 4.2: Constant contact angle (CCA) mode of evaporation on SOCAL surfaces.
a) Typical evaporation sequence showing the evolution of the mean contact angle of the
droplet and the calculated contact area of the droplet. b) Figure taken from Armstrong et
al [4] showing the typical behaviour of constant contact angle mode evaporation on SOCAL
surfaces. c) Plot of the mean contact angle as a function of volume loss, the dashed lines
indicate the region of interest as per ref [4]. d) Decay of contact area in time in the region of
interest with linear fit.

and the variations caused by the collapse of the droplet. Panel (d) shows the linear decay of

the contact area of the droplet. This linear behaviour agrees well with the predicted behaviour

of the contact area as predicted in the diffusion limited model of evaporation presented by

Picknett and Bexon [25].

From the linear fit it is possible to obtain the rate of decay of the contact area, dπr2

dt =−0.0008

mm2/s. This value agrees well with the reported value reported for the 70% relative humidity

of dπr2

dt =−0.0008 mm2/s [4]. Therefore, the surfaces presented in this work have comparable

low-friction properties as those reported in Ref. [4].
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4.2 Statics and dynamics of droplets on solid surfaces

4.2.1 Statics

The Young-Dupré equation (Equation 2.6 in Chapter 2) describes the relationship between

the surface tension and the contact angle which defines the shape of a small droplet on a

solid surface. However, as discussed in Chapter 2, this description of the relationship of the

free surface energy dependent contact angle is only valid in an ideal case where there is

no chemical or topographical roughness affecting this relationship. In reality, all surfaces are

rough on small scales and generate a pinning force on the contact line of the droplet. This

resistance is known as the static friction and in order for the contact line to move, this resistive

force has to be overcome. The static friction exerted by a surface is quantified using contact

angle hysteresis, ∆θ , which is defined the difference between the advancing and receding

contact angles, θA and θR (Equation 2.14). ∆θ can be seen as an interval that comprises all

the values of the static contact angle, θS, where the droplet remains static on the surface, i.e,

θR ≤ θS ≤ θA.

The importance of contact angle hysteresis becomes evident when considering the pinning

force acting on a droplet. At the onset of motion, the net force acting on the contact line is

given by [38]

Fpinning = 2γr(cosθR − cosθA), (4.1)

where r is the base radius of the droplet [2]. Note that since θS is determined by ∆θ (Equa-

tions 2.13 and 2.14), it follows that the advancing and receding angles can be expressed

as

θA = θS + f ∆θ (4.2)

and

θR = θS − (1− f )∆θ , (4.3)

where 0 ≤ f ≤ 1. Inserting these expressions in Equation 4.1 and expanding in powers of ∆θ

gives

Fpinning ≈ 2γr sinθS∆θ . (4.4)

Hence, the pinning force scales with contact-angle hysteresis by a factor determined by the

normal component of the surface tension force, γ sinθS.
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4.2.2 Relaxation to equilibrium

The focus is now directed to the relaxation of the droplet towards a spherical-cap shape which

allows the derivation of separate expressions for the typical relaxation time based on the Cox-

Voinov and MKT models. The Cox-Voinov theory describes the motion of the contact line as

dependent on the surface tension and viscous disspation effects while MKT proposes that

the contact line is more dependent on kinematic properties, such as the frequency on pinning

events and their intermolecular length (see Section 2.3.4 of Chapter 2 for more details). If

one assumes ideal behaviour, then the droplet shape is a spherical cap of instantaneous

base radius r(t), contact-line velocity v = ṙ and spatially uniform dynamic contact angle θ(t).

Therefore, the deformation of the droplet in this dynamic state can be quantified in terms of a

deformation angle, δθ , which is expressed as

δθ(t) = θ(t)−θS, (4.5)

In this case, θS is taken as the limiting static values of the contact angle, i.e., either θA or θR

depending on whether the contact line is advancing or receding during the relaxation process.

In the limit of small deformations, it is expected that the velocity of the contact line varies

linearly with δθ , i.e.,

ṙ = mδθ , (4.6)

where the constant m is determined by the physical mechanism governing the motion of

the contact line. For a spherical cap, the expression of the volume can be represented as

a function of the contact angle and the base radius of the droplet, V (θ ,r),

V (θ ,r) =
π

3
r3(1− cosθ)2(2+ cosθ)

sin3
θ

. (4.7)

Solving this equation for the base radius, r, gives,

r =
[

3V sin3
θ

π(1− cosθ)2(2+ cosθ)

]1/3

. (4.8)

Expanding this expression in powers of δθ and differentiating with respect to time leads to

the relation

ṙ =
dr
dθ

∣∣∣∣
θ=θS

˙δθ . (4.9)

Combining Equations 4.6 and 4.9 and integrating with respect to time gives the exponential

relaxation of the contact angle,

θ(t) = θS +δθ0 exp(−t/τ), (4.10)



4.2. Statics and dynamics of droplets on solid surfaces 70

where δθ0 is the initial deformation and

τ =
1
m

dr
dθ

∣∣∣∣
θ=θS

(4.11)

is the relaxation time.

For viscous-dominated dynamics, the microscopic contact angle is expected to be close to

the static value [26], i.e., θm ≈ θS. Setting θ = θS +δθ in Equation 2.18, expanding in powers

of δθ and using Equations 4.6 and 4.11, leads to the following expression of the Cox-Voinov

constant (mcv) and the Cox-Voinov relaxation time (τCV ):

mCV =
γθ 2

S
3η ln(L/lm)

, (4.12)

and

τCV =

[
3V

π(cosθS−1)2(2+cosθS)

]1/3

2+ cosθS

(
3η ln(L/lm)

γθ 2
S

)
. (4.13)

One can obtain equivalent expressions using the MKT model. Expanding Equation 2.19 in

powers of δθ and using Equations 4.6 and 4.11 results in the expression for the the MKT

constant (mMKT ) and the MKT relaxation time (τMKT )

mMKT =
K0γξ 3 sinθS

kBT
, (4.14)

and

τMKT =

[
3V

π((cosθS−1)2(cosθS+2))

]1/3

2+ cosθS

(
kBT

K0γ sinθSξ 3

)
. (4.15)

Equations 4.13 and 4.15 allows us to compare with measured values of relaxation times in

experiments to make a statement on the dynamics that drive the contact line on SOCAL

surfaces.

4.3 Experimental setup

The following experiments were performed in the Krüss DSA25 as shown in Figure 4.1.

Additionally, for the experiments performed from this point, a Cellix ExiGo micropump was

installed on the main frame of the equipment, substituting the one provided in the original

piece of equipment. This micropump is reported to be highly accurate, with a dispensing

resolution of the order of ±0.08 pL [126].
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Figure 4.3 shows the experimental method to measure contact angle hysteresis. Firstly, a

SOCAL sample is placed inside the temperature and humidity chamber and then sealed. The

micropump and syringe are carefully lowered until the needle (outer diameter: 0.4mm) in is

the field of view of the camera. A droplet of DI water (Water Ultrapur, Millipore) of volume V =

8µl is dispensed onto the SOCAL sample. To ensure that the shape of the droplet interface

of the droplet is not deformed by pinning on the needle’s surface, the needle is carefully

positioned on one side of the droplet and the apparent contact angle is measured at the

opposite edge of the drop, where the droplet maintains a shape close to a spherical cap.

Once the needle is in position, ensuring that the droplet is in a static state (Figure 4.3(a)),

the inflation and deflation procedure is initialized. A volume ∆V = 4µl of water is first injected

into the droplet at a constant flow rate, q̇, and different constant flow rates are used between

1µl/min and 10µl/min (Figure 4.3(b)). Once the increase in volume is finalized, the droplet is

allowed to rest for 2 minutes before the deflation is done. Then, a volume ∆V = 4µl of water is

withdrawn from the droplet at the same flow rate (Figure 4.3(c)), and is left to rest for a further

2 minutes before video recording is stopped. The droplet is then removed from the surface

and the process is repeated.

All experiments in this section are performed at controlled relative humidity, which are varied

between 30%± 0.5% and 94%± 0.5%, and at a constant temperature, T = 25 ◦C± 0.2 ◦C.

For each set of parameters the experiment is repeated 5 times.

The experiments were recorded using a video camera and the resulting images analyzed

using PyDSA, an in-house droplet shape analyzer [31], see Chapter 3 for more details. The

resolution of the video footage is at least 257pixel/mm and the apparent contact angle of

the droplet is determined by image analysis as follows. First, a base line is defined using the

droplet’s reflection on the solid to determine the left and right contact point of the droplet with

the surface. The droplet’s free contour is determined using a brightness threshold function. A

third-degree polynomial is fitted to the contour of the droplet over a region that ranges from

the free edge of the drop to the point where the needle meets the droplet. The algorithm

then determines the point at which the polynomial meets the contact line and computes the

apparent contact angle as the local slope. The resolution of the images allows the algorithm

to produce droplet contours formed by ∼ 250− 500 points, leading to a small fitting error.

Therefore, the systematic measurement error in the apparent angle is δθ ∼ 0.2◦, which is

commensurate with previous errors reported in the literature [117, 121].

To determine the advancing and receding contact angles, and, therefore, the contact angle

hysteresis, two different methods of surface characterisation are used in this chapter. The

first method, which is referred to as the volumetric variation method, consists of determining

the onset of motion of the contact line upon increasing and decreasing the volume of the

droplet [5, 39, 112, 113, 127]. This point is then mapped to the corresponding apparent contact
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Figure 4.3: Experimental procedure. (a) A droplet of controlled initial volume V is placed
on a SOCAL surface and connected to a micropump through a thin needle. (b) and (c)
The micropump injects or withdraws liquid at a prescribed flow rate q̇ (vertical arrows). The
instantaneous apparent contact angle, θ , and base radius, r, are measured using image
analysis. The scale bar is 1mm.

angle: θA for a volume increase and θR for a volume decrease. The second method consists

of tracking the contact line velocity as the droplet is allowed to rest after an volume change,

and identifying the corresponding limiting value of the apparent contact angle as either the

advancing or the receding angle [34].

4.4 Experimental Results

4.4.1 Typical contact angle hysteresis experiment sequence

Figure 4.4 shows representative measurements of the evolution of the contact angle, θ(t) (red

line), and the base radius of the droplet, r(t) (blue line), for an 8µl droplet subject to changes

in volume at constant flow rate (∆V = ±4µl; q̇ = 10µl/min), followed by relaxation periods

at zero flow rate (∆t = 120s). The temperature and relative humidity are fixed at T = 25 ◦C

and RH = 94%, ensuring that the droplet does not undergo significant evaporation during the

experiment. This is confirmed by the steady plateau of the evolution of the contact angle and

contact radius in time shown in Figure 4.4. During the injection phase (green shaded region)

the apparent contact angle rises sharply from the initial value θi ≈ 103◦. This sharp increase

is followed by a steady motion of the contact line, where θ ≈ 106◦ and where the base radius

grows at a rate ṙ = 9±1µm/s. A similar situation occurs during the withdrawal phase of the

experiment (red shaded region), where the apparent contact angle sharply falls as the contact

line starts to recede until it settles at θ ≈ 99◦ for a contact-line velocity, ṙ = 12±1µm/s. Once

the flow is switched off, the apparent contact angle relaxes to the well-defined constant values:

θa ≈ 103.8◦ after injection and θr ≈ 101.6◦ after withdrawal.
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Figure 4.4: Apparent contact angle and base radius measurements at high relative
humidity. Graph of a typical experimental set of data performed at a constant flow rate
q̇ = 10µl/min at T = 25 ◦C and a RH = 94%. The zoomed-in regions show how the smooth
transition from a static to a moving contact line introduces uncertainty in the measurement of
the advancing and receding angles.

4.4.2 Effect of flow rate

The relaxation of the apparent contact angle reported in Figure 4.4 indicates that dynamical

effects due to a finite flow rate affect the shape of the droplet [34]. To understand the relev-

ance of this effect for droplets on SOCAL surfaces, experiments were performed on a fresh

SOCAL sample considering three different flow rates: q̇ = 1µl/min, 5µl/min and 10µl/min.

As before, the experiment consisted of a change in the droplet volume ∆V = ±4µl, followed

by a relaxation at zero flow rate (∆t = 300s). The experiment was repeated three times for

each flow rate. The temperature and relative humidity were kept at T = 25 ◦C and RH = 94%.

Figures 4.5(a-c) shows independent measurements of the apparent contact angle. As before,

the presence two dynamical regimes is observed, corresponding to an increase or a decrease

in the base radius, which are characterized by maximum and minimum values of the appar-

ent contact angle, respectively. These regimes are followed by a relaxation to static values.

Figure 4.5(d) shows a superposition of the data for the three flow rates studied. In the plot,

arbitrary units of time are used to match the volume increase/decrease windows while the

rest of the time data is unaltered (i.e., time units in the relaxation portions of the plot are the

same for all flow rates). Although the effect of the input and output rate is subtle, in general,
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Figure 4.5: Effect of flow rate on the apparent contact angle. (a-c) Variation of the contact
angle at different flow rates. (d) Overlap of the experimental data. The apparent contact angle
relaxes to constant values which are independent of the flow rate. The difference between
these values is identified as the contact-angle hysteresis.

the response of the dynamic contact angle during a change in the droplet volume depends on

the flow rate. In contrast, when the droplet is allowed to relax, the curves follow similar shapes

consistently and converge to a unique limiting value for the contact angle, independent of the

flow rate use to change the volume of the droplet.

4.4.3 Effect of relative humidity

To understand the effect of relative humidity on the droplet’s apparent contact angle, exper-

iments are carried out at RH= 94%, 50% and 30%, at fixed flow rate, q̇ = 10µl/min, and

temperature, T = 25 ◦C. For each experiment, the relaxation window was kept at ∆t = 120s.

Figure 4.6 shows the changes in apparent contact angle (a-c) and base radius (d-f) for the

three relative humidities considered. In order to account for variation in the initial radius, r0, the

change in base radius is given as ∆r = r−r0. During the injection phase, the apparent contact

angle reaches the same dynamic value regardless of the relative humidity θ = 105◦± 1.1◦.

However, during the subsequent relaxation, there is a significant change in the apparent

contact angle at different relative humidities. Unlike the plateau behaviour observed at RH =

94%, at RH=50% and 30% the apparent contact angle decreases with time at a rate that

becomes stronger with decreasing relative humidity. During the same step, the base radius

remains constant and independent of the relative humidity (see panels d-f in Figure 4.6). In the
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Figure 4.6: Influence of relative humidity on the apparent contact angle and the
base radius. (a-c) Variation of the apparent contact angle at RH = 94%, 50% and 30%,
respectively. (d-f) Corresponding change in the droplet base radius.

withdrawal phase, observe an initial decrease of the apparent contact angle. Once the flow is

switched off, the apparent contact angle relaxes to a plateau while the base radius decreases

at a roughly constant rate owed to evaporation phase change. Both the plateau value of the

apparent contact angle and rate of change of the base radius depend on the relative humidity.

4.5 Reducing uncertainty in contact angle measurements

The first point of discussion is the uncertainty in the measurement of the advancing and

receding contact angles on SOCAL surfaces, and its effect on the determination of the contact

angle hysteresis.

Typically, θA and θR are identified as the apparent contact angles at the onset of motion of

the contact line upon an increase or decrease of the volume of the droplet, respectively [4,

5, 39, 112, 113, 127]. On SOCAL surfaces, however, the onset motion is difficult to identify

with precision. This is because, as shown in the zoomed-in regions of Figure 4.7, the apparent
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Figure 4.7: Close up to onset of motion on the contact line. Zoomed plots from Figure 4.4.
a) The advancing configuration of the contact line. b) the receding configuration of the contact
line.

Table 4.1: Apparent contact-angle measurements of water droplets on SOCAL surfaces.
Volume change method: θA and θR are determined by estimating the onset of motion of the
contact line at constant flow rate q̇ = 10µL/min. Contact-line relaxation method: θA and θR

are determined as the limiting apparent contact angles that the droplet exhibits after relaxation
to a static shape. The temperature and relative humidity are T = 25 ◦C and RH = 94%.

Volume-change method Contact-line relaxation method
Trial number θA (◦) θR (◦) ∆θ (◦) θA (◦) θR (◦) ∆θ (◦)

1 104.4 100.3 4.1 103.8 101.6 2.2
2 105.5 101.3 4.2 104.2 102.2 2.0
3 104.6 104.3 0.3 104.6 102.3 2.3
4 105.4 104 1.4 104.3 102.8 1.5
5 105.1 102.4 2.7 104.9 102.3 2.6

mean (◦) 105.0 102.4 2.5 104.4 102.2 2.1
s.d. (◦) 0.5 1.7 1.7 0.4 0.4 0.4

contact angle and the base radius vary smoothly as the contact line starts to move. The typical

range of transition of the base radius from the static value to a constant contact-line velocity is

∆r ≈ 0.2mm. The corresponding range of change in the apparent angle is ∆θ ≈ 2◦, which is

comparable to the overall change in θ during the volume change. As shown in Table 4.1, the

uncertainty in the measurement of the advancing and receding contact angles is of the order

of one degree. This leads to a contact-angle hysteresis ∆θ = 2.5◦±1.7◦.
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Shirtcliffe, et al. proposed that the advancing and receding angles can only be measured

in the limit of a vanishingly small flow rate [34]. In our experiments, this limit corresponds

to the relaxation of the apparent contact angle after the flow rate is stopped. Indeed, as

shown in Figure 4.5, the contact angle relaxes to the same constant value, regardless of

the flow rate, which shows that these plateaus are limiting thresholds for the static contact

angle. Table 4.1 shows measurements of θA and θR obtained after the contact-line relaxation

for the same experimental conditions of the volume-change method (refer to Chapter 3 for

more details). The results show a significant (three-fold) reduction of the standard deviation of

the measurements, which leads to a more consistent contact-angle hysteresis measurement,

∆θ = 2.1◦±0.4◦.

Note that, even though the average contact-angle hysteresis obtained from both methods

is similar, the relative error for the volume-change method amounts to 68%. This is clearly

important, as the corresponding error in the pinning force is proportional to the error in the

contact-angle hysteresis (see Equation 4.1). In contrast, the error in the measurement of ∆θ

obtained from the contact-line relaxation is consistently smaller (19% for the data reported in

Table 4.1) and confirms the low pinning force exerted by the SOCAL surface on water droplets.

4.6 Contact angles out of thermodynamic equilibrium

Now, the effect of relative humidity on the contact-angle hysteresis is discussed. Figure 4.6(a,d)

shows measurements of the apparent contact angle and droplet base radius upon a change

in volume at high relative humidity (RH = 94%), corresponding to conditions close to ther-

modynamic equilibrium. After either an advancing or a receding motion of the contact line,

both the apparent angle and droplet base radius relax to well-defined constant values, with no

appreciable subsequent variation over the timescale of the experiments.

Figure 4.6(b,c,e,f) show the corresponding curves for lower relative humidity (RH = 50% and

RH = 30%). After a volume increase, the apparent contact angle undergoes a sustained

decrease over time (Figure 4.6(b-c)), whilst the base radius of the drop remains constant

(Figure 4.6(e-f)). This indicates that the droplet is out of thermodynamic equilibrium and

undergoing a CCR mode of evaporation [25, 65]. Indeed, the rate at which the apparent

contact angle decreases is larger for smaller relative humidity. This is likely due to a higher

mass loss due to evaporation. On the other hand, after a volume decrease the apparent

contact angle remains constant, while the base radius decreases. This is consistent with a

CCA mode of evaporation [25, 65]. The apparent contact angle, however, is not equal to the

receding contact angle measured at high relative humidity. It decreases with lower relative

humidity (see Table 4.2). This indicates that the contact line is out of both thermodynamic and

mechanical equilibrium and recedes from the solid surface at a rate controlled by evaporation.
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Table 4.2: Effect of relative humidity on the apparent contact angle after a volume
decrease.

Relative Humidity 94% 50% 30%
θ (◦) 102.1±0.3 100.5±0.3 98.4±0.7

A relative humidity dependent change in evaporation contact angle has been observed before

by Armstrong et al. work[4]. In this work, they attribute the change in evaporation contact angle

to a difference in surface energy caused by an adsorption of water molecules on the surface,

changing the balance of surface tension forces which determine the equilibrium contact angle.

Although this explanation is highly plausible, further studies need to be made to confirm this

effect, such as a study of the change in mass for substrates at different relative humidities.

Moreover, the results of this study shows that there is a high dynamic dependence of the

contact angle to motion of the contact line for SOCAL surfaces. Therefore, a contributing

factor to this effect could be attributed to a changing contact line velocity at different relative

humidities.

4.7 Dynamics of Relaxation

Now, a comparison is done of the prediction of the Cox-Voinov theory and the Molecular Kin-

etic Theory, Equations (4.13) and (4.15), to the experimental measurements of the relaxation

of the droplet close to thermodynamic equilibrium (RH = 94%). As shown in Figure 4.4, the

apparent contact angle seems to follow an exponential variation towards the limiting static

value. To obtain an experimental measurement of the relaxation time, τ , the measurements of

the instantaneous base radius of the droplet are fitted to an extended form of the exponential

relaxation obtained in Equation 4.10, hence

θ(t) = θ∞ +∆θ0 exp(−t/τ)+ωt. (4.16)

Here, θ∞ = θS corresponds to the limiting value of the contact angle after relaxation, i.e.,

either the advancing or receding contact angle. The final term, ω , on the right hand side of

Equation 4.16 is a fitting constant introduced to account for the effect of evaporation on the

constant decay of the contact angle, as can be appreciated in the first relaxation window in

panels (b) and (c) of Figure 4.6. A fit of the data to this equation yields values of ω or the order

of 1×10−3 ◦/s, which leads to a variation of the contact angle of at most 0.2◦ over the period

of relaxation. The data fits give an average relaxation time τ = 8.3±5.8 s.
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To obtain a prediction of the relaxation time from the Cox-Voinov theory, Eq. (4.13), the

parameters used are γ = 72 mN/m, η = 0.89 mPa s, L = 1.2 mm and lm = 4 nm, where the

macroscopic length scale L is chosen as the typical size of the droplet, and the microscopic

length scale lm is chosen to be comparable to the polymer chain length reported for SOCAL [5,

62]. This leads to τCV = 1.131×10−4 s, which differs from the experimental measurement by

several orders of magnitude. The free parameter in the Cox-Voinov model, which leads to

the discrepancy, is the ratio L/lm in Eq. (4.13). Keeping L ≈ 1 mm and fitting the Cox-Voinov

theory to the experimental data gives lm ≈ 0.1 pm, which seems unrealistic as it is orders of

magnitude smaller than the smallest of the atoms.

To compare to the prediction of the Molecular Kinetic Theory, Eq. (4.15), one needs knowledge

of the frequency of the adsorption-desorption events, K0, and of the intermolecular distance,

ξ . Daniel et al. [2] studied the dissipative force exerted on water and sucrose droplets on

SOCAL surfaces. By fitting their experimental data to the MKT model they obtained K0 =

7500 s−1 and ξ = 3 nm. Using these values in Equation 4.15 yields τMKT = 0.2324s, which is

a better prediction of the experimental measurement of the relaxation time.

The difference between the prediction from the MKT model and the experimental measure-

ment of the relaxation time are now discussed. The molecular scale, ξ , is unlikely to differ

significantly from the experiments reported in Ref. [2]. On the other hand, the experiments of

Ref. [2] do not report a specific value of relative humidity, but it is reasonable to assume that

these were carried out at ambient conditions, i.e., RH < 94%. Our experiments were carried

out at high relative humidity (RH = 94%), where the liquid is close to equilibrium with the

surrounding vapour phase. Hence, it is expected that the frequency of adsorption-desorption

events is smaller in these experiments. Indeed, treating K0 as a single free parameter and

fitting to the experimental measurement of the relaxation time yields a value K0 = 204.5 s−1.

This suggests that at high relative humidity the contact line is slowed down by the rate of

adsorption-desorption of molecules from the solid.

Fig 4.8 shows instantaneous measurements of the contact angle vs contact line velocity

averaged over 5 independent trials. The prediction of the Cox-Voinov theory and that of the

Molecular Kinetic Theory are superimposed for comparison. For the Cox-Voinov the para-

meters used are γ = 72 mN/m, η = 0.89 mPa s, L = 1.2 mm and lm = 4 nm. For the

advancing configuration, the static contact angle is set to θm = 104.4◦ and for the receding

configuration, the static contact angle is set at θm = 102.2◦. For the MKT, the parameter

values are K0 = 204.5 s−1 and ξ = 3 nm, with θS = 104.4◦ for the advancing configuration

and θS = 102.2◦ for the receding configuration. The prediction of the MKT uses the parameter

values fitted to match the relaxation time during the relaxation periods. The prediction of the

MKT captures the experimental data to a better degree than the prediction of the Cox-Voinov

theory.
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Figure 4.8: Instantaneous measurements of the contact angle vs and contact-line
velocity. The experimental data is averaged across 5 trials. The contact angle hysteresis
of the sample is ∆θ = 2.1◦± 0.4◦. The thick lines correspond to the predictions of the Cox-
Voinov and Molecular Kinetic Theory.

4.8 Conclusion

In this chapter, the static and dynamic friction imparted by SOCAL surfaces on water droplets

has been studied. Our study of static friction has focused on determining the contact-angle

hysteresis of droplets under controlled temperature and ambient humidity conditions. Direct

measurements of the advancing and receding contact angles are reported in the limit of

mechanical and thermodynamic equilibrium by tracking the relaxation of a droplet’s interface

after a volume change. Such measurements are independent of the flow rate used to effect

the volume change, leading to a significantly lower uncertainty in the measurement of the

advancing and receding angles compared to the method of identifying the onset of contact-

line motion.

Out of thermodynamic equilibrium, corresponding to an ambient relative humidity below the

point of liquid-vapour phase coexistence, the droplet’s interface does not relax to the ad-

vancing and receding angles. Instead, the droplet undergoes evaporation keeping a constant

apparent contact angle which is always lower than the receding contact angle measured close

to thermal equilibrium.
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In regards to dynamic friction, a study was presented on the timescale of relaxation of the

droplet to a static configuration and compared the experimental measurement of the relaxation

time to a hydrodynamic model and a model based on molecular kinetic theory. The results

support that the dynamic friction imparted by SOCAL surfaces on droplets is dominated not

by the hydrodynamic flow close the droplet’s edge, but by the motion of the contact line. The

remarkable combination of low static friction and high dynamic friction can unlock applications

in surface engineering, where SOCAL surfaces act as “low pinning-slow shedding” coatings.

These results highlight the remarkable low-pinning, slow motion of pure water droplets of

SOCAL surfaces, and can motivate further studies of the statics and dynamics of droplets on

other coatings achieved by polymer grafting [128].

In terms of the significance for hygrotaxis, this study shows that the contact line on SOCAL

surfaces is sensitive to changes in ambient relative humidity which offers great potential in

both surface tension and wettability gradient generation of motion.



Chapter 5

Simulations of Hygrotaxis of pure

liquid droplets

The focus of this chapter is to explore the effect of hygrotaxis from a modelling and com-

putational point of view. The model used in order to carry the simulations is the Lattice

Boltzmann Method. The Lattice Boltzmann Method is a powerful modelling tool which allows

the simulations to be described by continuum mechanics while considering both macroscopic

and molecular interactions [93, 94]. This mesoscopic model simulates fluids by doing a lattice

discretization of the domain and considers the average contribution of the particles around

the lattice point. The Lattice Boltzmann algorithm implemented in this thesis is based on a

framework built by Élfego Ruiz-Gutierrez [81–83], which has been adapted to simulate a 2D

droplet undergoing phase changes regulated by variations of chemical potential in the domain.

This chapter begins by validating the phase transition dynamics of a 2D droplet, resting on a

solid evaporating, in free space. The results are then compared to the theoretical predictions

described in the Cahn-Hilliard equation. The comparison between the theoretical prediction

and the simulation results show that the Lattice Boltzmann simulations are successful in

modelling the evaporation of a droplet.

The following simulations consist of a droplet undergoing phase change in a channel con-

figuration. A chemical potential gradient is produced by changing the boundary conditions

of the chemical potential on the left and right edges of the domain. In order to counteract

the pressure flows produced by a density difference in the domain, an additional background

density gradient is produced to ensure that no advective flows are generated while maintaining

the chemical potential gradient.

Then, an exploratory study into the evaporation, condensation and mixed states is done by

varying the gradient in chemical potential in the domain. A consistent motion of the centre

of mass towards higher values of chemical potential is observed in all the chemical potential

gradients studied. Results stemming from mixed regimes of evaporation and condensation

show the most significant amount of motion. Additionally, in situations where one side of the

droplet is evaporating while the other is in equilibrium show motion of both contact points in

the same direction. All of these results suggest the existence of a self-propulsion mechanism

82
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produced by the chemical potential gradients. To elucidate the mechanism of this motion,

velocity flow visualization show a significant amount of motion is happening on the interface of

the droplet, pointing to a surface tension driven effect. This is further supported by the surface

tension measurements done at the interface of the droplet, where there is a clear difference

which drives the surface flows. Then, a study looking into the relationship of advective and

diffusive flows shows that this effect is not a result of diffusive effects caused by the difference

in phase change from both edges of the droplet.

Studies into the effects of different viscosities between the two phases show that this effects is

not affected significantly for the viscosity range explored. Another confinement variation study,

where simulations where run for different channel heights show that the dynamics generated

by the chemical potential gradient are not affected. However, the lifetime of the droplet is

significantly extended as the height of the channel decreases. Mass flow stream plots show

that flux field around the droplet is rectified, which limits the evaporation of the droplet.

This chapter proves that hygrotaxis is possible under these conditions and motivate the ex-

perimental approaches in Chapter 6.

5.1 Evaporation of a 2D droplet

5.1.1 Theoretical prediction

To validate the numerical algorithm, control simulations of a droplet evaporating at a neutral

wetting (θe = 90◦) regime are carried out, where an exact solution of the Cahn-Hilliard model

is available for comparison. Consider a 2D droplet sitting on a surface with an equilibrium

contact angle, θe, of 90◦ (Figure 5.1). Additionally, consider a droplet is below its capillary

length, under this condition the shape of the droplet is defined by the radius, R, with a fixed

value of chemical potential at the interface, µi. A semicircular shell of radius RH > R to drive

the evaporation of the droplet [80], where the boundary value of the chemical potential is fixed

to an out-of-equilibrium state, µH . Hence the boundary conditions for the chemical potential

in this system are,

µ(R) = µi, (5.1)

µ(RH) = µH . (5.2)

Within the gas phase, the mass flux, J, obeys,

J =−M∇µ (5.3)
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Figure 5.1: System description. The evaporation dynamics will consist of two characteristic
length. The first one is the interface of the droplet represented by the length of the droplets’
radius, R. The dynamics will be driven by outer shell represented by the radial length, RH.

where M is the mobility parameter. The last condition used for this calculation is that the

process of evaporation is quasi-static, this implies that at any point in time the chemical

potential must satisfy Laplace’s equation,

∇
2
µ = 0. (5.4)

Under the assumption that the droplet retains its semicircular shape during evaporation, the

dependence on the polar angle drops and Equation 5.4 can be simplified to,

d
dr

(
r

dµ

dr

)
= 0 (5.5)

where R ≤ r ≤ RH . Integrating Equation 5.5 with respect to r yields the expression for the

spatially-dependent chemical potential

µ(r) =C1 ln(r)+C2, (5.6)

where C1 and C2 are integration constants. Using the boundary conditions defined in Equa-

tion 5.1 and Equation 5.2, one obtains that Equation 5.6 is expressed as

µ(r) = µH +
µH −µi

log
(RH

R

) log
(

r
RH

)
. (5.7)

Therefore, the flux (Equation 8.3) reads,

Jr =−M
(µH −µi)

r log
(RH

R

) . (5.8)

Integrating the flux over the liquid-gas interface returns an expression for the rate of change

of area of the droplet, this is,
dA
dt

=
πM(µH −µi)

log
(RH

R

) , (5.9)
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where A = πR2

2 is the area of the droplet. Equation 5.9 can now be expressed in terms of the

base radius of the droplet as,

R
dR
dt

=
M(µH −µi)

log
(RH

R

) . (5.10)

Taking R(0) = R0 as a boundary condition, one can integrate this equation to obtain the

espression for the behaviour of the time dependent radius as predicted by the Cahn-Hilliard

equation, thus,

1
4

R2(log
(

RH

R

)
+1) = tM(µH −µi)+

1
4

R2
0(log

(
RH

R0

)
+1). (5.11)

5.1.2 Simulation setup

In the simulations, the initial radius is given as the ratio between the simulation units and the

characteristic length, Lc = Lx, which is the horizontal length of the domain, therefore,

R0 =
Ri

Lx
, (5.12)

where Ri is the initial radius of the droplet in simulation units. The outer shell radius, RH , is

fixed as,

RH =
Lx −1.5

2
. (5.13)

As shown in Chapter 2, in the diffuse interface approximation, the equation of state for the

chemical potential is,

µ(r) =
3γ√
8l
(φ(r)3 −φ(r)− l2

∇
2
φ(r)). (5.14)

At the edges of the domain the phase field is uniform and fixed to a value φH ; therefore,

equation 5.14 becomes,

µH = µ(RH) =
3γ√
8l
(φ 3

H −φH). (5.15)

On the other hand, the chemical potential at the interface of the droplet, µi = µ(R), is domin-

ated by the Laplacian term in Equation 5.14. This is because the value of the phase field at the

interface of the droplet is approximately zero, φ(R)≈ 0. To estimate the value of the chemical

potential at this point, the Gibbs-Thomson condition used since it provides an approximation

of the small changes in chemical potential along the interface,

µi ≈ ∆µ =−2γC
∆φ

, (5.16)

where ∆µ is the difference of the chemical potential close to the interface, C is the curvature

of the interface and ∆φ is the change of the phase field across the interface, which for the

simulations ∆φ ≈ 2.
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Figure 5.2: Cahn-Hilliard prediction vs Lattice Boltzmann simulations. Graph showing
the comparison of the evolution of the radius of the droplet over time. The differences that
are observed between the 2 lines can be justified by the difference that in the simulations,
difference between µH and µi is not constant as it is taken in the construction of the theory.

Table 5.1: Simulation Parameters for 2D evaporation. Arbitrary units

Parameter Value Parameter value
Channel height, Ly 32 Channel Width, Lx 64
Surface tension, γ0 1×10−4 Density, ρ 1
Interface width, l 1.6 Radius, r = R

Lx
0.2

Droplet viscosity, ν1 1/6 Ambient viscosity, ν2 1/6
Phase field, φ -1.3 Chemical potential, µH −5.95×10−5

Chemical potential at R, µi 7.81×10−6

Table 5.1 shows the parameters used in order to run the simulation. Figure 5.2, shows the

theoretical prediction and the simulation results for the behaviour of the base radius of the

droplet. The overall behaviour of the simulation curve follows the one predicted by Cahn-

Hilliard equation, where both curves decay and collapse similarly over time. Nonetheless,

there are subtle differences between both curves. However, these slight differences can be

justified since the difference µH −µi are not strictly the same between the simulations and the

Cahn-Hilliard model. This is because, in reality, µi is not constant and changes as the radius

of the droplet is displaced as it evaporates. In the simulations, this difference is not taken as a

constant which has an effect in the rate of evaporation of the droplet.
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5.2 2D channel configuration

In the laboratory, it is challenging to expose a droplet to a humidity gradient in a room due to

the difference in scale and the gradients expected to have a direct influence are those in the

vicinity of the droplet. However, this can be achieved by localizing the ambient conditions to a

domain comparable to the droplet size. In the literature, the strategies adopted to achieve

a vapour driven motion for binary mixtures and pure droplets often require the existence

of a second droplet in the near vicinity of each other to generate a gradient [15, 17, 18].

These strategies are successful in generating vapour gradients that influence the mechanics

of the droplet, however, additional effects such as thermal interactions between the liquid-

solid cannot be avoided in highly energetic systems [16, 129]. These interactions induce

thermal gradients which contribute to the motion of droplets on such surfaces, making it a

challenge to determine the precise role of vapour gradients in the mechanism of motion. To

avoid this issue, the simulations are done in the absence of temperature to isolate the effect

of chemical potential gradients. In order to bolster the formation of humidity gradients, the

droplet is confined to a domain size no bigger than 5 times the initial radius of the droplet.

Hence, the case proposed in this work is one where the droplet is sitting in the middle of a

square channel and is exposed to a humidity gradient by setting each side of the channel to

different values of chemical potential gradients.

Figure 5.3 shows the geometry of the domain exposed to a chemical potential gradient. The

square channel is defined by the length Lx and the height Ly. A droplet is placed on the bottom

surface directly in the centre of the channel and by changing the open boundary conditions

on each side of the channel by setting differing values of the order parameter and chemical

potential, one can generate a gradient of chemical potential throughout the channel. For clarity

and without loss of generality, the chemical potential gradients are set to point to the left edge

of the domain.

5.2.1 Pressure flows

One of the issues when trying to create a chemical potential gradient is that differences in

the density field generate a pressure flow on the horizontal axis which inevitably affects the

motion of the droplet in the simulations, as seen in Figure 5.4(a). In order to ensure that the

simulations are not affected by this advective flow, the simulation setup must accommodate

an additional chemical potential gradient in the x-direction such that the velocity of the flow

generated is identically zero. This is achieved by considering that the total pressure in the

Navier-Stokes equation (Equation 2.41) for u = 0 satisfies

0 =−∇ ·Π =−c2
s ∇ρ −φ∇µ, (5.17)
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Lx
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Figure 5.3: System proposal. The system consists of a droplet sitting in the middle of the
domain, of horizontal length, Lx, and the vertical length, Ly. The bottom and top edges consist
of solid walls. The left and right edges of the domain consist of open sides. A gradient in
chemical potential, responsible for the phase change, is achieved by imposing a difference
between the left and right chemical potentials, µl = µ0 and µr = µ ′

0, respectively.

which arises from from expressing the total pressure by is partial components. Hence, solving

Equation 5.17 for ρ provides the correct density profile that cancels any mechanical motion

while retaining the constant diffusive flux between the phases. This implies that one can define

a density profile that counteracts the constant chemical potential gradient generated flows.

For a one dimensional system, the integration of Equation 5.17 yields∫
V

∇ ·ΠdV =
∫

δV
Π ·dS = [ρr −ρl]c2

s x̂+[P(x = Lx)−P(x = 0)] · x̂], (5.18)

where the first equality is found using the divergence theorem and ρl and ρr are the left and

right densities at the open boundaries, respectively. Inputing the expression of the capillary

pressure in Equation 5.18 yields the following expression for the difference in densities ρl and

ρr, then

ρr −ρl =− 1
c2

s

[
φ µ −ψ +

3γl√
8

(
dφ

dx

)2
]x=Lx

x=0

. (5.19)

The chemical potential gradient is prescribes by a difference in the boundary values of the

phase field, φl = φ(x = 0) and φr = φ(x = Lx), respectively, and evaluating Equation 2.53. For

∇µ = constant, the following consideration is taken

dφ

dx
(x = Lx) =

dφ

dx
(x = 0), (5.20)
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Figure 5.4: Pressure flows generated by gradients in chemical potential. a) Different
boundary conditions for the chemical potential on the open sides of the channel generate
a pressure flow from high to low chemical potential. b) Simulation domain after hygrostatic
pressure considerations correct the generation of the pressure flow.

which gives a good approximation for small chemical potential gradients and small variations

around the equilibrium values φ = ±1, Moreover, as a consequence of Equation 5.20, the

last term on the right hand side of Equation 5.19 vanishes and the difference in the boundary

values of the density is given by

ρr −ρl =− 1
c2

s
[p̃(x = Lx)− p̃(x = 0)], (5.21)

where

p̃(φ) = φ µ(φ)−ψ(φ ,∇φ = 0) =
3γ0

8
√

2l
φ

2(3φ
2 −2), (5.22)

defines the interaction of an homogeneous system. Thus, the boundary values of the density

are chosen to be

ρl = 1− 1
c2

s
p̃l, (5.23)

and

ρ = 1− 1
c2

s
p̃r, (5.24)

to satisfy Equation 5.21, where p̃l = p̃(φl) and p̃r = p̃(φr). Figure 5.4(b) shows the result of

choosing these density boundary values, where a droplet under the same chemical potential

gradient as panel was able to evaporate without mechanical motion observed, showing the

ability to still exchange flux, and the absence of pressure flows in the dommain.
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5.2.2 Boundary conditions

The top and at the bottom edges of the domain are solid boundaries, i.e.,

u(xs) = 0, (5.25)

n̂ ·∇ · (Π−η(∇u+∇uT )(xs)) = 0, (5.26)

n̂ ·∇µ(xs) = 0, (5.27)

where xs are the coordinates of the solid boundaries.

On the other hand, the left and right edges of the channel are considered to be open and to

allow exchanges of mass with its surroundings. At these boundaries, the pressure and the

chemical potential are prescribed as,

φ(xo) = φo, (5.28)

∇ ·u(xo) = 0, (5.29)

Π(xo) = Πo, (5.30)

µ(xo) = µo = 3
γ√
8l
(φ 3

o −φo), (5.31)

where the xo are the coordinates of the open boundary and φo, Πo and µo are the boundary

values of the order parameter, the pressure tensor and the chemical potential, respectively.

5.2.3 Normalization of key quantities

An important aspect of this study is to find significant quantities that helps to interpret data

and provide physical meaning to the measurements. For hygrotaxis, the interest lies in the

dynamics of the centre and the contact points of the droplet.

The characteristic length, Lc, is the distance that a molecule needs to traverse during diffusion,

Lc = Lx. (5.32)

The characteristic velocity, uc, is normalized by considering that the advective fluxes are

equivalent to the diffusive ones in the system, hence

uc =−M
µd

ρLc
, (5.33)

where µd = µr −µl .



5.2. 2D channel configuration 91

Equations 5.32 and 5.33 are then used to obtain the characteristic time of diffusion,

tc =
ρL2

c

M|µd |
. (5.34)

Another quantity that plays an important part in the analysis is the chemical potential. The

normalization of this quantity can be obtained if one considers the relationship between the

initial surface tension and the density. Hence, the characteristic chemical potential is defined

as,

µc =
γ0

ρLc
, (5.35)

where µc is the characteristic chemical potential and γ0 is the initial surface tension. For the

simulations, these values will remain constant at µc = 7.8125×10−7.

5.3 Chemical potential gradient simulations

5.3.1 Evaporation, condensation and mixed regimes

Evaporation and condensation are phase change phenomena that arise from the energy

cost that is required to hold or release an species of liquid molecule into the surrounding

phase. Phase change is usually driven by a mixture of temperature and chemical potential

changes. Temperature effects are neglected in the simulations presented in this chapter,

leaving phase change as an adsorptive or desorptive effect driven only by differences in

chemical potential. Therefore, the key quantity that regulates phase change in this system is

the chemical potential since it regulates the coexistence of the liquid and gas phases. Hence,

the simulations presented here have an intrinsic dependence on the number of particles in

the system for the dynamics of phase change, akin to relative humidity.

To better understand the effects of changes in the chemical potential in the evolution of evapor-

ation or condensation, three representative gradient scenarios are outlined where hygrotaxis

may occur. The first one, identified as the Evaporation-Evaporation (EE) regime, corresponds

to a situation where the boundary conditions at each side of the channel are set to values

that drive the evaporation of the droplet at different rates. The second scenario is where

one boundary drives evaporation while the other induces condensation, such cases are re-

ferred to as Evaporation-Condensation (EC) to denote overall evaporation and Condensation-

Evaporation (CE) for overall condensation. The third scenario is the Condensation-Condensation

(CC), which comprises cases where both boundary values drive the condensation of the

droplet.
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Table 5.2: Constant simulation parameters for chemical potential gradients. Arbitrary
units

Parameter Value Parameter Value
Channel height, Ly 64 Channel Width, Lx 128
Surface tension, γ0 1×10−4 Viscosity, η 1/6

Interface thickness, l 1.6

The parameters that regulate the chemical potential gradient are the boundary values of the

chemical potential. These are the left boundary value of the chemical potential, µl , and the

right value of the chemical potential, µr. In the evaporation-evaporation regime simulations,

both sides of the domain are set to negative values of chemical potential, with the condition

that µi ≥ µl > µr to ensure that a gradient is produced. For the evaporation-condensation

regime, the relationship between the chemical potential is set to follow µl > µi > µr. In the

evaporation-condensation regimes, the overall behaviour of evaporation or condensation in

the simulations is prescribed by the relation,

µT =
µr +µl

2
(5.36)

where µT is the average value of the chemical potential in the domain. Overall evapora-

tion occurs when µT < µi and condensation when µT > µi. Lastly, for the condensation-

condensation cases, the relationship between the values of the chemical potential is µl > µr ≥
µi. For all scenarios described to this point, table 5.2 details the simulation parameters shared

by all chemical potential regimes. For clarity, and without loss of generality, the chemical

potential gradients presented are always set to point to the left.

Figure 5.5 shows some examples of the results under the different gradient regimes de-

scribed. In all of the regimes, there is a clear displacement of the centre of the droplet towards

the humid, or higher chemical potential, side. This effect is stronger in the case shown in

panel c) of Figure 5.5, where the combination of the evaporation and condensation regimes

increase the lifetime of the droplet, allowing the droplet to move beyond its initial footprint. The

overarching behaviour of these results is that motion of the centre of mass of the droplet is

observed irrespective of the chemical potential gradient regime the droplet is subjected to.

The behaviour of the contact points of the droplet in Figure 5.5 is now discussed. Panel a) of

Figure 5.5, shows a regime where one would expect to observe symmetric evaporation of the

droplet. This is to say where both contact points move constantly towards each other until they

collapse into one, albeit at different rates depending on the evaporation regime the particular

side is subjected to. However, this is not the case in panel a), the behaviour observed is

that the left contact point, which is exposed to an evaporating regime, remains static for the
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Figure 5.5: Chemical gradient regimes. a) Evaporation-evaporation regime where µl =
−19.6 and µr =−159.1. b) Combination of evaporation and condensation where the former is
predominant, µl = 14.5 and µr =−76.1. Similarly to b), c) Evaporation-condensation regime
where there is a near equilibrium gradient between evaporation and condensation rates,
µl = 24.4 and µr = −19.6. d) Condensation-condensation regime where both values of the
chemical potential differ but are positive to drive condensation, µl = 30.3 and µr = 14.5. All
initial radii are R = 0.2.

majority of the simulation until the radius of the droplet reaches the collapsing phase of the

evaporation. This behaviour indicates that for the majority of the life of the droplet there is a

force, contrary to the one driven by evaporation, that drives the contact points towards the left

side.

This force explains the behaviour of the contact points in other chemical potential gradient

regimes. In panel b) of Figure 5.5, the value of the negative chemical potential is ∼ 5 times

larger and since µT = −30.8, retraction of both contact points should be observed since

the regime corresponds to that of overall evaporation. However, the contact points move in

the same direction, again, showing the existence of a driving force guiding the motion of

the droplet. Panel c) shows a case where the difference between the chemical potential is

minimal, µT < 2.5, since the droplet is gaining and loosing mass at similar rates, it is expected

that the contact points would remain static to a degree but what is observed is the continuous

motion of the droplet towards the humid side. Panel d) shows a clear displacement of the
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Table 5.3: Simulation Parameters. Arbitrary units

Parameter Value Parameter value
Channel height, Ly 64 Channel Width, Lx 128
Surface tension, γ0 1×10−4 Density, ρ 1
Interface width, l 1.6 Radius, r = R

Lx
0.35

Droplet viscosity, η1 1/6 Ambient viscosity, η2 1/6
Left chemical potential, µl 0 Right chemical potential, µr −211.8

centre of mass of the droplet and week motion of the right contact point. In this case, it is

not enough to observe the behaviour of the contact points to determine if there is a dynamic

effect contributing to the overall motion of the droplet, it is necessary to further understand

the mechanism guiding the motion of the droplet in chemical gradient regimes. This effect is

identified as hygrotaxis, and the following section explores the mechanism that makes this

motion possible.

5.4 The driving mechanism of Hygrotaxis

To explore the hygrotactic behaviour, the boundary condition for the chemical potential on the

left side is set to µl = 0, while the right side is set to µr < 0. In this gradient regime, the

evaporation of the droplet is localized on the right side of the droplet while the left side of the

droplet is kept close to equilibrium (Equilibrium-Evaporation (EQE)). Under these conditions,

the left side of the droplet is not expected to present motion since no mass in being accreted.

The parameters of this simulation is reported on table 5.3 and the results can be appreciated

in Figure 5.6. Interestingly, in this chemical potential gradient regime, motion of both contact

lines in the same direction.

Figure 5.7 shows the evolution of the contact radius, the average velocity of the centre of the

droplet and the evolution of the contact angle. There is a transient where the base radius

decreases faster in comparison to the rest of the simulation. This effect is a consequence

of relaxation of the chemical potential reaching a quasi-static regime, this is to say when

∇2µ = 0. However, after the transient period in panel a), the radius of the droplet adopts a

similar behaviour to that observed in the base simulation of Section 5.1.

One of the possible mechanisms considered for hygrotaxis, which stem from the results of

Chapter 4, was that a difference in contact angle along the triple point may induce Laplace

pressure driven motion of the droplet coming from wetting gradients, driving the motion from

low wetting regions to high wetting ones [5, 61, 130]. By comparing the behaviour of the motion

of the droplet and that of the contact angle values at the two contact points in panels b) and

c) of Figure 5.5, it is possible to look into this possibility for hygrotaxis. Considering the initial

difference in contact angle, ∼ 2◦, this would result in a initial force opposing the motion of the
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Figure 5.6: Equilibrium-evaporation (EQE) gradient. a) Shows the evolution of the centre
of the droplet and the droplet contact points. b) snapshots of the evolution of the droplet. The
left side of the channel is set to a zero and the right side is set to an evaporating regime,
µl = 0.0 and µr =−211.8, respectively.

droplet. However, the change in position of the centre of the droplet during the evaporation is

linear, reflecting a constant velocity towards the left of the channel, while the initial difference

in contact angle vanishes over the course of the simulation without affecting the motion of

the droplet. This suggests that the difference in contact angle has no significant effect on

hygrotactic motion under the conditions set in the simulations and that the mechanism is

dominated by another effect.

In the literature, vapour driven motion is a product of surface tension gradients that generate

inner flows which drive the motion of the droplet, this effect is most commonly known as

the Marangoni effect [131, 132] or Marangoni driven motion [15, 130, 133]. In multiphase

fluids, surface tension can be described as the excess free energy that it costs to maintain an

interface between two phases, which can be appreciated as the shaded area and the peak of

the Helmholtz free energy in Figure 2.12b in Chapter 2. Figure. 5.8 shows an instance in time

after the relaxation period of the droplet where the contact points of the droplet are moving

in the same direction. In the same figure, plots of the mass flux streams around the droplet

are shown, the velocity streams inside the channel and the surface tension change profile

along the interface. This instance in time can be appreciated by the green dotted line in panel
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Figure 5.7: Droplet key parameters. The yellow shaded region is considered a relaxation
phase, it is the time the chemical potential takes to reach a steady gradient. a) Shows the
evolution of the base radius, b) shows the evolution of the centre of the droplet and the average
velocity of the droplet considering the linear section after the relaxation phase, and c) shows
the evolution of the contact angle of the left and right contact points.

a), which shows the evolution of centre of the droplet and the contact points. Panel b) shows

the stream plot of the flux field as calculated from equation 2.42. The intensity of the flux in

the domain represents the boundary values of the chemical potential where the flux stream

lines coming out of the interface of the droplet are stronger on the right, where the boundary

condition driving the evaporation of the drop is larger. This panel shows that the chemical

gradient imposed induces anisotropic fluxes at the interface of the droplet. In panel c), it is

evident that the the flow is stronger close to the interface of the droplet, driving liquid from the

left side to the right side of the interface. This, in turn, generates a convective flow inside the

droplet in the direction of the motion close to the solid interface, resulting in motion of the bulk

towards the humid region. This behaviour of the flows on the surface of the droplet and the

convective flows observed agree with the known mechanism of surface tension driven effects

mentioned in literature [15, 133] which drive the motion of the droplet.
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Figure 5.8: Dynamics of Hygrotaxis. a) Evolution of centre of the droplet and the contact
points, the green dotted line is the instance in time where analysis for the next plots is taken.
b) Stream plot showing the flux field of the droplet. c) Stream plot of the velocity field inside
the domain of the simulation. The flows are strongest close to the interface of the droplet and
generate vortices that propagate inside the droplet. d) Local surface tension, γ(s) = 3γ0(∇φ)√

8
,

along the interface of the droplet. s are the points in space of the interface of the droplet

To confirm that there is a Marangoni flow being induced along the surface of the droplet, one

needs to focus on the differences of surface tension along the interface of the droplet. One

can approximate the surface tension in the interface by using Equation 2.57 and considering

that φ = 0 at the interface of the droplet. Therefore, the only contribution at the interface of the

droplet will depend on ∆φ , hence

γ(s)≈ 3γ0l(∇2φ)√
8

, (5.37)

where s = ssim/Lx is the contour, or arc-length, of the droplet. Panel d) shows the local values

of the surface tension of the interface the droplet, higher surface tension values reflect stronger

cohesive forces, explaining the generation of a flow in the direction seen in panel c). Since

the only parameter varied is the chemical potential gradient, this shows that the presence of

chemical potential gradients induce inhomogeineties in the surface tension at the interface of

the droplet, driving the flow of liquid along the surface of the droplet.
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Table 5.4: Phase field and chemical potential values for simulations.

Regime φl φr µl µr

EQE -1.0 -1.6 0.0 -211.8
EC -0.9 -1.3 14.5 -76.1

ECEQ -0.8 -1.2 24.4 -44.8
EQC -0.6 -1.0 32.6 0.0

5.4.1 Advection vs Diffusion

Hygrotaxis is not only present in the evaporative regime presented so far, the results show that

it is a pervasive effect as long as a chemical potential gradient is present. This means that

the chemical potential gradient can be set to obtain specific behaviours for hygrotactic motion.

Figure 5.9 shows additional simulations for regimes where the values of the phase field have

been adjusted to obtain specific behaviours. These phase field parameters are reported in

Table 5.4. On panel a), the case corresponds to that of an EC case where the left edge of

the interface of the droplet is set to one close to equilibrium which allows the droplet to move

significantly beyond its initial footprint. Panel b) shows a EC case where the phase field has

been set so that there is minimal loss of mass of the droplet which allows it to reach the end

of the domain almost unchanged, this case is referred to as Evaporation-Condensation at

Equilibrium (ECEQ). Panel c), analogous to the EQE case at the beginning of this section,

shows a situation where condensation of the droplet is localized to the left side while the other

is kept close to equilibrium. This case, referred to as Equilbrium-Condensation (EQC), shows

that both contact points of the droplet can be influenced to move in the same direction.

To confirm that in the mechanism of motion is present in all of the cases mentioned in this

section, Figure 5.10 shows the velocity flow plots, including that of the EQE case in panel a).

In all cases, the mechanism of motion is present since there are strong flows being generated

close the interface of the droplets. Additionally, in the cases where there is condensation and

evaporation, a displacement of inner flow vortex to towards the center of the drop is observed.

Table 5.4 shows the phase field value, the normalized values of the chemical potential and

the corresponding velocity of motion for each regime. On can observe that the velocity, a

value dependent on the diffusion velocity or the difference in chemical potential, does not

vary significantly. This suggests that hygrotaxis is an effect that has little dependence on the

diffusion. However, in regimes where the motion chemical gradient allows both evaporation

condensation, it is to confirm that the droplet is moving due to hygrotaxis and not because

of a kinematic effect caused by the accretion of liquid molecules on one side and depletion

the loss of them on the other, resulting in the apparent movement of the droplet. In these

cases, it is necessary to compare how the velocity of flow of the bulk compares to the velocity

of diffusion to determine if the condensation and evaporation, which are directly linked with

diffusion velocities, play a significant roll in the dynamics
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a)

b)
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Figure 5.9: Optimized gradient regimes. a) Evaporation-Condensation (EC): regime where
the phase field values are set as µl = 14.5 and µr = −76.1. In this regime there is con-
densation but more evaporation. b) Evaporation-Condesation Equilibrium (ECEQ): Regime
where the phase field values are set to be symmetrical, µl = 24.4 and µr = −44.8. Under
this regime, the droplet moves with minimal loss of mass. c) Equilibrium-evaporation (EQC):
Regime where the phase field values are set to µl = 32.6 and µr = 0.0.

There are two dimensionless quantities that describe the relationship between advective

transport and diffusive transport, these are the Péclet number (Pe) and the Marangoni number

(Ma). The Péclet number is the ratio between the advective transport rate and the diffusive

transport rate. In the simulations, the advective transport rate is the velocity at which the

centre of the droplet moves, ucm, while the diffusive transport rate is the characteristic velocity

of diffusion defined in equation 5.33. The ratio between these two describes which effect is

more significant in the motion of a liquid and is defined as

Pe = |Pe|= ucm

uc
. (5.38)
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Figure 5.10: Velocity streams for different regimes. In all cases the velocity streams are
stronger close to the interface of the droplet. The flow vortexes also experience displacement
towards the centre of the droplet, depending on the nature of the gradient.

Pe ≫ 1 indicates that advective flows are being generated and play a dominant part in the

motion of the droplet. If the effect was dependent on the condensation or evaporation of the

droplet then the velocity of the droplet and the Peclét number would be comparable with the

diffusion velocity.

The Marangoni number , on the other hand, is another dimensionless number that describes

the relationship between advective and diffusive forces. However, this number is tied to the

advection and diffusion caused purely by surface tension gradients and is defined as

Ma =
uτs
D

, (5.39)

where uτ is the tangential velocity along the interface of the droplet, s is the arc length of the

droplet interface and D is the diffusion constant defined as D = 3γ0

l
√

8
. As for the Péclet number,

a positive value would show that that the surface tension on the interface of the surface is

generating the flow. Additionally, the value of the Marangoni number also describes the type

of vortex expected, as denoted in the work Diddens, et al. [133] where they related the value

of this number to the type of convective flow present in droplets.
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Table 5.5, shows the Pe and Ma values for the simulations along with the associated velocities

of the centre of the droplet, vd . These dimensionless quantities show two characteristics of

Table 5.5: Velocity, Péclet and Marangoni number values for the motion in different
Regimes.

Regime vd ×10−3 (dnorm/t) Pe Ma
EQE -5.0 197.2 13.9
EC -7.5 736.9 2.1

ECEQ -9.7 1269.7 5.6
EQC -11.0 2944.2 2.3

the motion observed in this system. First, the Péclet number indicates that the advective

contribution is larger by 2 to 3 orders of magnitude than the diffusive one, which strongly

suggests that the motion of the droplet is not a consequence of a diffusive effect. On the

other hand, the Marangoni number describes the flows generated inside the droplet stem

from the surface tension effects. Additionally, Table 5.5 suggests that hygrotactic motion is

more effective for condensing fronts since the Péclet number differs by an order of magnitude

and faster velocities are recorded for the centre of the droplet.

5.5 Effect of viscosity

To this point, all the simulations have been done using matching viscosities for the liquid and

vapour phases. Viscosity plays an important part in how a liquid behaves since it controls the

friction the liquid experiences as it flows. In addition, the viscosity of the two fluid phases can

be significantly different.

Two viscosity scenarios are studied, the first scenario corresponds to the case where the

viscosity of the liquid phase, ηin, is larger than the ambient viscosity, ηout . Figure 5.11 shows

the motion of the centre of the droplet in five different viscosity combinations. In this scenario,

the viscosity has little impact of the motion of the droplet. However, at the largest viscosity

contrast, ηin/ηout = 0.5/0.1, the droplet travels less distance by the slight decrease in velocity

due to this difference in viscosity.

The second scenario is when the ambient viscosity is larger than the viscosity of the droplet.

Figure 5.12 shows the results of this viscosity contrast sweep. Similarly to the first case, the

viscosity has insignificant effects on the overall motion of the droplet, with the observation that

larger values for the viscosity of the ambient phase allow for small increase in the velocity of

the droplet which does not increase with increasing values of the ambient viscosity.
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a) b)

Figure 5.11: Inner viscosity larger than outer viscosity. a) Position of the centre of the
droplet where the liquid viscosity of the droplet is larger. b) Instantaneous velocity of the
centre of the droplet, where xd = L/Lx.

a) b)

Figure 5.12: Outer viscosity larger than inner viscosity. a) Position of the centre of the
droplet where the ambient viscosity of the droplet is larger. b) Instantaneous velocity of the
centre of the droplet, where xd = L/Lx.
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Although the effect of the viscosity is small for hygrotactic motion, the fact that the droplet

moves a fraction faster in more viscous environments shows that the ambient of the droplet

plays a small part in the "traction" between the ambient and the liquid phase. Additionally, the

low dependence in droplet viscosity also points to the conclusion that hygrotactic motion is an

effect that largely depends on the contribution of the surface tension difference generated by

the chemical potential gradient.

5.6 Effect of Channel height

The attention is now turned to the effect of the channel height on the dynamics of hygrotaxis.

As mentioned before, this confined configuration was chosen because it was considered that

chemical gradients would have a more significant effect if the size of the domain was compar-

able to the size of the droplet in laboratory conditions. In order to see how the confinement

of the droplet affects the dynamics of hygrotaxis, five different values of channel height are

chosen: 40, 50, 64, 96 and 128, which are given in simulation length scale units (Ly). All of

the domains of different height are subjected to an identical EC regime, where µl = 14.5 and

µr =−76.1. Figure 5.13 shows the effect of the channel height on the decay of the base radius

of the drop. For channel heights which are large in comparison to the droplet, Ly > 96, the

differences in the evolution of the base radius are insignificant. However, for channel heights

Ly = 96 and Ly = 64, there is a transition in behaviour of the rate of decay of the base radius,

becoming slower as the height of the domain is reduced. These differences in the evolution

of the base radius, specially those close to the droplet size, suggest that confinement greatly

affects the rate of evaporation of the droplet. The rate of evaporation is slowed to the extent

that the droplet is able to reach the edge of the domain due to hygrotactic motion. The final

increase in radius observed in the Figure 5.13 is a simulation artifact stemming from the

boundary conditions, which are not discussed here.

The base radius of the droplet is plotted as a function position in Figure 5.14. This graph

is helpful since one can find the position of the droplet in the channel where the boundary

effects start to deviate from normal behaviour according to the changes in the base radius.

This enables the identification of a relevant interval where it is possible to compare the results

of the motion of the droplet for all channel heights. From this graph, this interval corresponds

to 0.25 < x < 0.50 since the behaviour of the radius follows a similar smooth decay until this

0.25.
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Figure 5.13: Evolution of base radius under different channel heights. As the height of
the channel decreases, the evaporation of the droplet is mitigated and the rate of decrease in
radius is slowed down.

Figure 5.14: Base radius as a function of position The yellow shaded area is identified
as the point the position where the influence of the edge of the domain starts to change the
dynamics of the hygrotaxis

Figure 5.15 shows the position and droplet velocity as a function of time corresponding to

the regime of interest identified in Figure 8.13. The position of the droplet and the velocities

throughout the channel do not vary significantly throughout the different channel heights. This

result is rather interesting since the change in rate of evaporation due to the height seems to

bear no effect on the surface tension gradient generated on the interface of the droplet. This

suggests that one can tune the height of the channel in order to extend the range of travel

without the need to change the chemical potential gradient regime.
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a)

b)

Figure 5.15: Evolution of position and velocity of the droplet in the relevant intervals. a)
Position of the droplet and b) is the velocity of the droplet in the significant intervals defined.
As before, xd = L/Lx

To explain the change in rate of evaporation at different channel heights, Figure 5.16 shows the

flux fields at t/tc = 20 for heights of 128, 64 and 40 simulation units. As it can be appreciated

in the behaviour of the flux inside the channel, when the height of the the channel becomes

shorter, the flux streams are rectified so that they are oriented predominantly in the horizontal

direction. This rectification displaces the position of the saddle point, or the inflexion point,

of the flux near the interface of the droplet. As the channel height decreases, the saddle

point is displaced towards the top of the droplet, reducing the flux at on largest surface are

of the droplet, thus, slowing evaporation. This explains why the surface tension gradient is

maintained to sustain a similar velocity for the transportation of the droplet.

5.7 Conclusion

In this chapter simulations of hygrotaxis in different chemical potential gradient scenarios have

been presented. A validation of the evaporation dynamics for the Lattice Boltzmann was done

which confirmed the simulations were suitable to model the dynamics of evaporation and

condensation. Simulations under different chemical potential gradient regimes were presented

and motion of the droplet was observed in all cases. A surface tension driven mechanism was

identified to explain the motion generated by the presence of a chemical potential gradient.
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c)

a)

b)

Figure 5.16: Flux stream plots for different heights a) Flux stream plot for channel height
Ly = 128. b) Flux stream plot for channel height Ly = 64. c) Flux stream plot for channel height
Ly = 40.

This was confirmed by looking into the behaviour of the velocity fluxes which showed strong

interfacial flows on the surface of the droplet. The local surface tension was measured and

showed that the chemical potential gradient induced a surface tension difference, explaining
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the generation of surface flows on the interface of the droplet which drive convective flows in

the droplet towards the more humid regions. A comparison between advective and diffusive

transport rates showed that the motion of the droplet was an advective Marangoni effect, even

for the cases where condensation and evaporation were present.

A study on the effects of viscosity for this phenomenon showed that the motion was driven

by surface tension where viscosity does not play a large roll in this effect for differences

in viscosities of a factor of 5. Lastly, the effect of the height of the channel revealed that

there is no effect on the velocity of motion due to hygrotaxis, showing that the motion of the

droplet is dependent of the chemical potential gradients. However, these results showed that

confinement has a significant effect in the dynamics of evaporation due to a rectification of

the flows around the droplet. This last result showed that hygrotaxis has the potential to be

a flexible effect and could be tuned with confinement geometries to control the motion of

droplets.



Chapter 6

Experimental approaches to

hygrotaxis

Up to this point, simulations of droplets evaporating in different chemical potential gradients

have been shown, where surface tension driven effect has been identified to enable droplets

to flow towards more humid environments, i.e., hygrotaxis. Additionally, Chapter 4 showed

that SOCAL surfaces are unique for they exhibit unusual behaviour in dynamic and static

states. While the static friction of a SOCAL surface remains remarkably low, the dynamics

of motion of the contact line are constrained by the kinetics of the contact line, yielding high

dynamic friction and slow moving contact lines which impact the evaporative behaviour and

the evolution of the contact angle and contact radius. This suggests this effect could lead to a

surface energy driven motion of liquid droplets on ultra-smooth surfaces.

In this chapter, two experimental approaches to hygrotaxis are explored to demonstrate whether

the occurrence of this effect can be determined experimentally. To test the effects of surface

tension gradients, the first approach consists of making use of a large droplet acting as a

humidity reservoir in a low humidity environment and then placing a significantly smaller

droplet near the interface of the reservoir droplet, where both droplets are deposited on a

SOCAL surface. Under these conditions, i.e., in the first approach, experimental results show

a displacement of the centre of the droplet towards the humid side, which are similar to results

obtained in simulations under near equilibrium conditions on one side of the droplet and

evaporation of the other. The results of this section serve as a proof of concept of hygrotaxis

but further experimental improvements need to be achieved.

The second approach consists in isolating two separate interfaces of a body of liquid by using

a liquid slug inside a SOCAL coated capillary tube, a method developed and presented in

Chapter 3. Each opening of the tube is exposed to different relative humidity conditions with

the intent of creating a wettability gradient strong enough to induce motion of the liquid slug

inside the SOCAL coated capillary tube. Preliminary results of evaporation of the liquid slugs

108



. Experimental approaches to hygrotaxis 109

under this conditions show that the centre of the liquid slug apparently moves towards the dry

side, a type of motion that would agree with a contact angle dependent wettability gradient.

However, due to the inherent macroscopic roughness of the tubes, which seem to overcome

the SOCAL coating, no concrete conclusion can be made.

Although the results of the hygrotaxis experiments in this chapter are not conclusive in terms

of confirming the existence of this effect experimentally, they serve as base studies and

motivation to continue exploring this effect in the future.

6.1 Droplet generated gradient

In order to obtain a humidity gradient around a droplet, it is necessary to place a droplet in

the middle of two different relative humidity sources. In the literature, this is normally achieved

by placing the droplet in close proximity to another droplet [15–18, 129, 134], treating the

droplet as the source of saturated air while the ambient conditions are controlled separately

to provide a contrast in relative humidity around the droplets. This method has shown great

success in the motion of binary droplets in vapour gradients [7] and in the lifetime of pure

droplet evaporation, producing the so called droplet shielding effect [135]. However, no report

has been made of motion of pure water or pure liquid droplets under these conditions.

6.1.1 Experimental setup

Figure 6.1 show the experimental for the evaporation experiments. A SOCAL sample (refer

to Chapter 3 for surface production) of surface dimensions 25 mm x 75 mm, is placed inside

the humidity chamber (TC30) adapted to the Krüss DSA25, see Figure 4.1 for schematics

of the apparatus. The temperature and relative humidity are left stabilize to 20± 0.1 ◦C and

10%±0.5%, respectively. Then, using a needle of OD of 0.235mm, a 8 µL reservoir droplet is

randomly placed on the SOCAL surface and a smaller droplet of 0.08±0.03µL is positioned

next to the reservoir droplet. The needle is used to drag the reservoir droplet as close as

possible to the small droplet (∼ 0.1 mm in separation). It is important to note that the surface

and the droplet temperature are constant which allows to assume that no thermal effects take

place during the evaporation. Video footage is started at 1 fps for the duration of the evapora-

tion and the image resolution used is no smaller than 188 pixels/mm. After the evaporation is

completed, the needle is moved to another location and this process is done for 5 repetitions

at different locations of the sample to avoid any systematic errors and ensure reproducibilty

of the experiment.

The images extracted are analyzed using open source droplet analyser software PyDSA [31].

The apparent contact line is determined zooming into the contact points for of the droplets

and using the reflection of the droplet on the surface. Similarly to the experimental method

in Chapter 4, the droplet’s contour is determined using a Canny edge approach [120]. Then,
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1 mm 1 mm 1 mmt=0 s t=135 s t=270 s

a) b) c)

Figure 6.1: Experimental procedure for hygrotaxis evaporation. The temperature and
relative humidity are lef to stabilize to 20± 0.2 ◦C and 10%± 0.5%, respectively. a) 0.08±
0.03µL droplet (small droplet) placed beside a larger 8 µL droplet. b) Intermediate picture of
the total evaporation time. c) Final position of the droplet before evaporating completely. For
(b-c), the red dotted contour represents the initial size and position of the droplet.

a third degree polynomial is fitted to the contour of the droplet which covers the entirety of

the droplet contour. The program then determines the point where the polynomial meets

the baseline and returns droplet parameters such as the apparent contact angle, the base

radius, the positions and velocity values for the contact points, and volume. As mentioned in

Chapter 4, the systematic error associated with this measurement is δθ ∼ 0.2◦, which agrees

with errors predicted by the literature [117, 121].

6.1.2 Typical evaporation sequence

According to the findings on the simulations of neutrally wetting droplets in chemical potential

gradients (Chapter 5), it is expected that the relative humidity gradient created in this to be

similar to an EE case, where the droplet is exposed to differential evaporation regime. In this

configuration, one edge of the droplet to be close to saturation (left side of the small droplet),

due to the proximity between the two droplets, while the other edge is evaporating at a rate

corresponding to that associated with the relative humidity of the ambient phase (right side of

the small droplet).

Figure 6.2 shows a typical result of the evaporation sequence under the conditions specified

on the experimental setup. Panel a) shows a plot of the mean contact angle of the droplet

and the decay of the contact area as the droplet evaporates, showing CCA evaporation [25].

The apparent contact angle slightly decays (∼ 2◦) throughout the evaporation, this decay is

most likely due to the thermodynamic relaxation of the droplet on the surface, which can be

in the order of 102 seconds as shown by Armstrong, et al [4]. Both the contact angle change

in the relaxation phase and the relaxation time is comparable to the ones predicted in the

literature [4, 136]. The behaviour of the contact area, πr2, of the droplet further supports the
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a)

d)

e) f)

b)

c)

Figure 6.2: Typical evaporation result for droplet proximity evaporation experiments.
a) Evolution of the mean contact angle (θm) and the contact area of the droplet. The green
dashed lines encase the region of interest. b) Plot of the left and right contact angles. c)
Mean contact angle and contact area in the region of interest. d) Linear fit to the change in
contact area of the droplet. e) Evolution of the contact points and centre of the droplet. f)
simulation of a droplet evaporating in chemical potential gradient of µl = −9.1 µsim/µc and
µr =−76.1 µsim/µc.

constant contact angle mode evaporation since it decays linearly, agreeing with the theoretical

prediction presented in Equation 2.34. This can be seen clearly in panels (c-d), where the plots

have been zoomed to the area of interest between 0 and 160 s. The contact area decays as

a linear function as appreciated in panel d).
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Figure 6.2(b) shows the apparent contact angle measurements on each side of the droplet.

The constant behaviour of the contact angle on both sides of the droplet shows that there is

no contact line pinning on either point throughout the evaporation.

Figure 6.2(e-f) shows the plot of the centre of the droplet along with the evolution of the left and

right contact points according to the experiment (e) and the simulation (f). The black dashed

lines represent the initial position of the contact points, or the initial footprint of the droplet,

and the blue shaded regions represent the evolution of the footprint of the droplet. In the

experimental result in panel e), one can appreciate that the centre of the droplet is displaced

towards the near saturation side during the evaporation. Additionally, even though the contact

area of the droplet decays linearly, as predicted in the theory for CCA mode evaporation, the

contact points of the droplet recede at different rates. The left contact point, the edge exposed

to the reservoir droplet, recedes at a slower speed (≈ 1.7×10−4 mm/s) than the right contact

point exposed to the ambient relative humidity (≈ 8.1× 10−4 mm/s), more than a four-fold

difference.

Comparing this experiment with the simulations, similarities to the case in Figure 6.2(f) can

be appreciated. This Evaporation-Evaporation case is set a chemical potential gradient of

µl = −9.1 µsim/µc and µr = −76.1 µsim/µc. In this scenario, the left edge of the droplet is

exposed to a highly saturated environment, but still allowing evaporation, and the right side

is exposed to a dryer environment. The overall behaviour of this scenario is similar to the

experimental result.

6.1.3 Evolution of the droplet

Figure 6.3 shows the average results of the evaporation of five 0.08±0.03µL DI water droplets

in the conditions specified in subsection 6.1.1. Figure 6.3(a) shows the evolution of the contact

points of the droplet, along with the centre of the droplet. In this panel, it is evident that the

centre of the droplet is displaced towards the region of higher relative humidity and that there

is a difference in the rate of retraction for the contact points. The relatively constant error

observed in the contact point is a systematic error stemming from inaccuracy of the dispensing

of the droplet. This systematic error can be further appreciated at the end of the plot (t = 208 s)

where the error increases significantly. This happens due to the different evaporation lifetime of

the droplets since the total evaporation time interval goes from ∼ 300s to ∼ 400s. Figure 6.3(b)

shows the the linear fits of the evolution of the contact points. The speed obtained from the

fitting parameters for each fit can be appreciated in Table 6.1. The velocity of the right contact

point exceeds both the velocity of the left contact point and the centre of the droplet by a factor

of ∼ 3. The velocity of the left contact point is similar to the one for the centre of the droplet,

which is expected since both contact points are receding.
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a) b)

c) d)

Figure 6.3: Averaged results of 5 evaporation runs. a) Evolution of the centre and contact
points of the droplet. b) Linear fits of the data. c) Evolution of the contact angle in the interval
of interest. d) Evolution of the contact area in the interval of interest. The shaded regions in
the graphs represent the standard error.

Table 6.1: Velocity for the contact points and the centre of the droplet. In this case the
sign of the velocity indicates motion towards the left (-) and right (+).

Position velocity×10−6 (mm/s) s.d ×10−6 (mm/s)
Left contact point 242.3 1.8

Right contact point -657.1 2.0
Centre of the droplet -207.1 0.3

Panel c) of Figure 6.3 shows the evolution of the contact angle during the constant contact

angle evaporation mode for the evaporation. During this period, the contact angle undergoes

an slow and gradual change of 3◦, which is still within the reported angle changes for the

relaxation period for the evaporation [4], Panel d) shows the evolution of the contact area of

the droplet and, as for the previous subsection and Figure 6.2(d), it is evident that the contact

area is decaying linearly with time as expected from a CCA evaporation.
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6.1.4 Experimental and simulation results comparison

To make an initial comparison to the simulations, Figure 6.4 shows the normalized experi-

mental and simulation data. The positional coordinate, x, is normalized using the initial radius

of the droplet, ri, as the characteristic length, giving us,

xnorm =
x
ri
, (6.1)

where xnorm is the normalized position. The time, t, is normalized using the total evaporation

time of the droplet, t f , so,

tnorm =
t
t f
, (6.2)

where tnorm is the normalized time. Panel a) shows the average evolution of the centre and

contact points of the droplet for 5 repetitions of the experiment. Panel b) shows the evolution

of the same parameters for panel a) for a simulation with high humidity on the left side and low

humidity on the right side. Table 6.2, shows the measured velocities under these normalization

conditions.

The first point of discussion are the similarities between the experiment and the simulation.

For both experimental and simulation results, the centre of the droplet shows a displacement

towards the saturated environment caused by the reservoir droplet. In both experiments and

simulation, there is a significant difference between the velocity of the left and right contact

point. For the experiments, the difference between right contact point is ∼ 3 times faster than

the left contact point while for this simulation this relationship is defined by a factor of ∼ 5.

In terms of the velocity observed in the region of higher relative humidity (left side) of the

droplet, the experiments and simulations differ by an order of magnitude in terms of velocity.

This points out that the relative humidity on the left side of the droplet in the experiments is

close to equilibrium, similar to the value set in the simulations. The difference observed in

the velocities of the right side and centre of the droplet suggests that the relative humidity

between the experiments and the simulations are significantly different. This suggests that

the relative humidity on the right edge of the droplet is exposed to a higher humidity than the

ones in the simulation. Furthermore, the ideal of the simulations conditions when compared

to the non-ideal SOCAL substrate may also play a role on the lower velocities reported when

comparing experiments and simulations.

Table 6.2: Velocity for the contact points and the centre of the droplet. In this case the
sign of the velocity indicates motion towards the left (-) and right (+).

Position vexp (xnorm/tnorm) vsim (xnorm/tnorm) ∆v (%)
Left contact point 0.22 0.26 15

Right contact point -0.60 -1.33 55
Centre of the droplet -0.19 -0.54 65
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a) b)

Figure 6.4: Normalized graphs for the evolution of the contact points and the centre of
the droplet. The normalization is done according to the initial radius (ri) for the position (x)
and the time is normalized to the total time of evaporation (t f ). a) Averaged experimental data
and b) simulation at µl =−9.1 µsim/µc and µr =−76.1 µsim/µc

The differences between the experiments and the simulations are now discussed. The most

important difference is the boundary conditions, on the experiments the relative humidity is

bound to vary due to the decrease in volume from both droplets, hence the gradient is not

expected to be constant. In simulations, the gradient is constant once the system relaxes.

Another factor that may take part in affecting the dynamics of evaporation is the confinement

conditions, which in narrow channels have been shown to affect the vapour density around

the droplet [137, 138]. This suggests that the gradient of relative humidity around the droplet

is not the same as the one in the simulations, however, the behaviour of the contact points are

similar in terms of direction of motion and serves as a indication that hygrotaxis is possible.

6.1.5 Humidity gradients around the droplet

It is challenging to measure exact values for the gradient of relative humidity around the

droplet. However, since the evaporation under these conditions follows the evaporation pre-

diction given by the CCA theory, it seems sensible to use the diffusion limited theory of evap-

oration by Picknett & Bexon [25]. To give an indication of the effective relative humidity that the

droplet is evaporating in, Equation 2.34 (in Chapter 2) is used to estimate this value according

to the decay of the area of the droplet. The parameters used for this are Temperature = 20 ◦C,

diffusion of water vapor in air Dlit = 2.36×10−5 m2 s−1, density of water (ρ) = 997 kgm−3 and

θ = 102.4◦.

For a single droplet evaporating at a relative humidity of 10%, the contact area should de-

crease at a speed of −0.00188 mm2 s−1. However, the average decrease in contact area for

the experiments is −0.00068±0.00014 mm2 s−1, a value which is more than 3 times slower

than the theory predicts. According to theoretical prediction, the droplet under the relative

humidity gradient in these experiments is evaporating at rate that corresponds to that of a

relative humidity of 67%±7%, near to the mean average between saturated RH = 100% and
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ambient phase RH = 10%. This shows that the presence of the larger droplet clearly affects

the dynamics of evaporation of the smaller droplet, similar to the droplet shielding effect [135].

The error in the effective relative humidity suggests that the relative humidity gradient around

the droplet is changing as it evaporates. This points to the idea that even small differences in

the distance separating the droplets can have a significant impact the generation of the relative

humidity gradient, even in the micrometric scale. In order to improve these experiments in the

future, a system designed to improve the control of the relative humidity gradient in the system

would allow this work to make more conclusive statements about the dynamics of evaporation

in this type of system.

6.1.6 Consistency and reproducibility

In terms of the SOCAL surface, the literature [4, 62] and the results presented in Chapters 3

and 4 allow us to ensure that the consistency and the quality of the surfaces produced under

those parameters remain reproducible, with an average contact angle hysteresis of 1.5◦ ±
0.9◦. In terms of the experiment presented in this section, the biggest concern is that an

effect caused by a surface imperfection may be responsible for the effect observed during the

evaporation. However, the results of the experiments show otherwise. To avoid any systematic

error stemming from a particular surface imperfection, the experiments were repeated always

ensuring that the evaporation took place at a different location of the sample. This guarantees

that the behaviour at the contact line remains unaffected by any possible pinning events that

may occur during a single experimental run. Another aspect that shows that the experiment

is not being affected by any pinning is the constant contact angle behaviour observed during

the evaporation of the small droplet. As mentioned in Chapter 2, constant contact angle mode

of evaporation consists of the linear decrease of the contact area accompanied by a constant

contact angle during the evaporation of a liquid droplet on a surface. In panels (b) and (d) of

Figure 6.2, this can be appreciated in the experiments. Panel (b), on one hand, shows that the

contact angle is quasi-constant, with around a 2◦ change in the contact angle most likely due

to the thermodynamic relaxation as shown by Armstrong et al.[4] On the other hand, in panel

(d), the behaviour of the decrease of the contact area decays linearly, which fulfills the criteria

of an evaporation cycle occurring on a ultra-smooth surface. Additionally, on Figure 6.4(a), the

evolution of the average footprint of the droplet remains smooth for both contact points. This

ensures that pinning is not responsible for the effects observed during the experiment and

guarantees that this effect is reproducible under the experimental conditions presented.
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6.1.7 Concluding remarks

In this section, evaporation experiments were done of a small (0.08± 0.03µL) pure water

droplet next to a bigger reservoir pure water droplet (8 µL). The results show a clear displace-

ment of the centre of the droplet and a significant difference in receding velocity between the

contact points of a factor of ∼ 3. Comparisons against a simulation with similar evaporation

conditions, where the humid side of the droplet is set to a quasi-equilibrium value, shows

similarities in the behaviour of the contact points and the centre of the droplet. However,

difference in the boundary conditions and the confinement of the system require further

improvement of experiments to allow a better comparison.

By measuring the decrease of contact area of the droplet under these conditions, it is estim-

ated that the droplet was evaporating at a rate equivalent to a relative humidity much larger

that the ambient one, clearly showing the effect of the vapour field of the reservoir droplet on

the smaller one. The results show that the error of the change in contact area and the relative

humidity values that the gradient is not constant throughout the evaporations. This alludes

to the importance of the distance between the droplets in generating the humidity gradient

around the small droplet.

Although additional studies need to be made in order to understand this effect to a greater

degree, the results presented in this section serve as a proof of concept of hygrotaxis and

serve to motivate further study of this effect.

6.2 Capillary tube configuration

Capillary tubes, usually of the order of 1 mm in ID, offer an ideal option of isolating two liquid

fronts while allowing one to work in scales below the capillary length. In this length scale,

effects from gravity on the shape of the meniscus can be neglected. The findings in Chapter 4

showed that the dynamic friction plays an important part in the value of the contact angle of

evaporating droplets. Additionally, a study of evaporation done by Armstrong, et al. [4] showed

that there is a step-like change in the values for evaporating contact angles for low and high

relative humidity environments, alluding to a surface energy change due to the adsorption

of water molecules onto the solid surface. For SOCAL surfaces, a difference of ∼ 4◦ can be

observed between high and low relative humidity conditions in the results for Chapter 4 and

in the work done in Armstrong, et al [4]. As discussed in Chapter 2, differences in contact

angle allude to existence of wettability gradient that are able to drive the motion of a droplet

due to the difference in curvature, which induces a gradient of the Laplace pressure inside

the droplets. Initial experiments on droplets showed that the gradient made in the presence of
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another droplet was not enough to drive the motion of the droplet to any particular direction.

A tube geometry allows the ability to expose each interface to a constant value for relative

humidity, enabling any effects due to contact angle differences to play an important part in the

evolution of the liquid column inside the capillary tube.

In this section, contact angle hysteresis measurements are performed of the SOCAL coated

and uncoated glass capillary tubes. The results show that the SOCAL coating method de-

veloped in this thesis is successful in coating the inner surface of the glass capillary tubes with

SOCAL. Subsequently, evaporation experiments are done inside capillary tubes, exposing

each side to different values of relative humidity. Initial results point to the possibility of a

wettabilty gradient induced motion due to changes in surface energy on the SOCAL surfaces

exposed to different relative humidity conditions. However, excessive pinning, believed to

come from the inherent macroscopic defects of the capillary tubes, makes the successful

run experiments challenging. This limits the ability to draw concrete conclusions on the mech-

anism present but shed light on a possible alternative mechanism of a relative humidity driven

motion.

6.2.1 Contact angle hysteresis in capillary tubes

One of the benefits of using glass capillary tubes is that they are completely transparent.

Although direct apparent contact angle measurements inside tube geometries can be chal-

lenging due to the curvature of the surface, the meniscus of the liquid column is clearly visible

in capillary tubes. Hence, it is possible to use the capillary action surface characterisation

method developed and described in Chapter 3. This method uses Jurin’s law to approximate

the apparent contact angle of liquid columns in capillary tubes (Equation 3.5). This subsection

intends to prove that SOCAL surfaces are achievable in thin tube geometries.

For this experiments, SOCAL coated capillary tubes are produced following the procedure

outlined in Section 3.1.4. The experimental design consists of a motorized linear stage which

allows the controlled descent and ascent of a capillary tube into a DI water reservoir, shown

in Section 3.2.4.

The experiment is performed as follows. Capillary tube samples are submerged into a water

reservoir at a depth of ∼ 5mm, ensuring that the liquid column in the tube is not pinned on the

bottom edge of the tube. Then, the tube is submerged further at a speed of 1mm/s until the

contact line begins to move. The motor is then stopped and the liquid column is left to relax for

a period of 120 s, where θA is measured at the end of this period. After this prescribed time,

the capillary tube is lifted at a speed of 1mm/s and is stopped when the contact line begins to

move. Then, the liquid column is allowed to relax for an additional 120 s, and θR is measured

at the end of this period. This procedure is repeated 4 times for both SOCAL coated and pure

glass capillary tubes.
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Table 6.3 shows results of ∆θ measurements done with a SOCAL coated capillary tube and an

uncoated glass capillary tube. On one hand, for SOCAL, the average of the advancing contact

angle is 99.5±0.6◦ and the average receding contact angle is 96.7±1.4◦. These advancing

and receding contact angle values are within the reported values for SOCAL in Wang and

McCarthy’s [62] development of the SOCAL procedure. The contact angle hysteresis value of

2.9± 1.9◦ is comparable to reported values for contact angle hysteresis in the literature for

SOCAL surfaces [62, 111] and the ones reported in Chapter 4.

Although the values of the contact angle fall within the reported values for SOCAL, previous

works [4, 62] have shown that the SOCAL process can be optimized to reach contact angle

hysteresis values of < 2◦. According to these studies, the SOCAL production parameters

used in our procedure are the ones associated to contact angle hysteresis values of 2.0±1◦,

with advancing and receding contact values of ∼ 108◦ and ∼ 106◦, respectively. In terms of

the contact angle hysteresis observed, the measurement in this experiment falls within error.

However, there is a significant difference in the values for the advancing and receding contact

angle of > 6◦. This suggests that the optimization parameters for flat substrates are not the

same for different geometries such as capillary tubes. This is to be expected since the aspect

ratio of the tube affects the diffusion of plasma inside the capillary tube, as discussed in the

length dependency of plasma activation (Section 3.1.4). This is likely to also affect the relative

humidity inside the tube, an important parameter that regulates the growth of the nanometric

polymer chains. Hence, the parameters regulating the growth of SOCAL on the inner surface

of tube can be improved and there is room to make a systematic study to lower contact angle

hysteresis in tube geometries.

On the other hand, the glass results show that the uncoated surface of the capillary tubes

does exhibit significant amount of pinning, with a ∆θ(H) = 27.2◦± 5.3◦ for the glass inside

the tube. For contrast, literature values for contact angle hysteresis on glass microscope slides

present ∆θ ≈ 12.7◦ [139]. This suggest that the inner surface roughness of the capillary tubes

is more than double of that of flat glass. This is to be expected since polishing can be used to

smooth the surfaces of glass slides and, on capillary tubes, this becomes a challenging task

for capillary tubes due to small ID.

The contact angle hysteresis measurements on the SOCAL coated capillary tubes, in con-

junction with the large change in surface charactersitic values (θA, θR and ∆θ ) between

coated and uncoated samples, confirms that a SOCAL coating method has been successfully

implemented for tube geometries.
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Table 6.3: Contact angle measurements using Jurin’s height on SOCAL and glass
capillary tubes. Table showing experimental results using Jurin’s law to obtain θA, θR and
∆θ inside SOCAL coated and glass capillary tubes. The measurement error for SOCAL is
±0.04◦ and for glass it is ±1.4◦.

SOCAL Glass
Trial θA(H)(◦) θR(H)(◦) ∆θ(H)(◦) θA(H)(◦) θR(H)(◦) ∆θ(H)(◦)

1 99.7 96.4 3.3 54.9 21.4 33.5
2 100.2 95.8 4.4 52.7 23.5 29.2
3 99.5 95.7 3.7 45.9 20.9 25.0
4 98.8 98.7 0.1 44.5 23.3 21.1

mean(◦) 99.5 96.7 2.9 49.5 22.3 27.2
s.d 0.6 1.4 1.9 1.3 5.1 5.3

6.2.2 Evaporation experiments inside SOCAL capillary tubes

Experimental setup

An experiment designed to expose each side of the capillary tube sample to a different value

of relative humidity can be seen in Figure 6.5. The left side of the SOCAL capillary tube is

exposed to a dry reservoir filled with silica beads. Silica beads remove moisture from the air,

lowering the relative humidity inside the dry reservoir. Hourly measurements in ambient room

conditions showed that the relative humidity inside the dry reservoir can be kept at 2%±1%

relative humidity for 5 hours at room conditions and daily measurements (3 days) showed that

the relative humidity was kept under 5%±2%, ensuring that low relative humidity values are

sustained throughout the experiments. Additionally, each time experiments were run, fresh

or dry baked silica beads (200 ◦C for 40 minutes) were used to ensure relative humidity was

kept as low as possible in the dry reservoir. The right side of the capillary tube is open to

the ambient relative humidity controlled by the humidity chamber attached to the Krüss DSA

25. The nozzle (Figure 6.5(d)) is connected to a water reservoir which drives saturated air

into the chamber, allowing the relative humidity inside the chamber to stabilize at values up to

94%±1%.

The SOCAL capillary tube sample (Length = 20 mm, OD = 1.6 mm and ID = 1.2 mm) is first

rinsed with DI water and blown dry to ensure that there are no particles stuck on the inner

surface. A liquid column of 2 µL is placed using a Celix micropump in the middle of the sample

(Figure 6.5(d)) using a syringe connected to a thin needle (OD = 0.26 mm), being specially

careful to avoid scraping the inner surface of the tube. The sample is then carefully connected

to the dry reservoir and horizontally levelled using a sample holder aligned with the dry relative

humidity source opening. The device is then placed inside the humidity chamber and sealed.

The relative humidity is set to 90% and the video recording is not started until the relative

humidity in the chamber stabilizes (∼ 10 min). Video footage is recorded at 1 frame every 10

seconds at a resolution of 105 pixels/mm.
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a) b)

c) d)

e)

RH = 90%RH< 5%

T = 25 C° 

Figure 6.5: Hygrotaxis experiment inside a capillary tube. Schematic of experiment to
expose each side of a capillary tube to different relative humidity values. a) Humidity chamber
(TC30) adapted to the Krüss DSA 25. b) Nozzle providing saturated air driving ambient relative
humidity to 90%±1%. c) Dry reservoir containing silica beads to ensure a low relative humidity
(< 5%) on one end of the capillary tube. d) SOCAL coated capillary tube where a liquid column
is placed in the middle. e) Sample holder to ensure that capillary tube is horizontally level and
aligned with dry reservoir.

Macroscopic pinning

In this geometry, the body of liquid is not exposed to a gradient in humidity but to a absolute

difference at both interfaces. Although there are a significant differences in relative humidity

conditions between both reservoirs, these ambient conditions are still within the evaporative

regime in both interfaces. As a precaution to the reader, pinning was encountered during

most of the evaporation experiments of the liquid column. This pinning had negative impact

on the motion of the contact line, making it challenging to discern effects from the relative

humidity conditions imposed and the motion of the contact lines. It is believed that this problem

stems from the inherent macroscropic roughness in the inner part of the capillary tube due to

production methods, since no polishing or smoothing procedure is done after drilling or heat

drawing of the capillary tubes [140]. There is room to improve this experiment in the future

via acid or alkaline treatments to smooth the inner surface of the capillary tubes [141, 142]

before coating with SOCAL. Another possible issue is the difficulty in cleaning the coated inner

surface of the capillary tube, which depends greatly on flows to remove contaminants. This

means that if any particle, such as salt depositions, gets adhered to the surface beyond the

washing capabilities of the solvent flow, the surface will retain the pinning point. However, in

the following sections, results of those experimental runs where there was no visible pinning

of the contact lines are presented.
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Initial results

Figure 6.6 shows average results of 3 evaporation experiments of 2 µL liquid columns over 50

minutes. Panel a) shows that over the course of the evaporation of the liquid column, the center

of mass of the liquid is displaced from the centre towards the low relative humidity region.

Additionally, the receding of the contact lines is not symmetric and the contact line exposed to

the high relative humidity environment moves while the other is quasi-static (qualitatively, the

contact line moves a fraction of a millimeter to the low relative humidity side).

Previous evaporation studies on SOCAL [4] and results from Chapter 4 have shown that

the contact line recedes faster as the relative humidity decreases, suggesting that under the

experimental parameters, the contact line exposed to the low relative humidity conditions

should recede faster than the one with high relative humidity. However, this is not the case

for the experiments, as panel b) of Figure 6.6 shows the evolution of the centre of the liquid

column with the left and right interfaces. The origin is considered to be the centre of the

droplet and positive values are positions in the direction of the high relative humidity side

while negative values represent positions towards the low relative humidity side. In this panel,

it is clear that that the right contact line is moving at a greater rate than the left contact line.

This difference is captured in the overall motion of the centre of mass of the liquid column

towards one side of the channel. The apparent large error values (∼0.2mm) of the evolution

of the left and right interfaces are due to the differences is the initial volume of the droplet.

However, looking at the normalized positions of the contact lines to ∆x = x−xi, where x is the

position and xi is the initial position of the contact line. Panels c) and e) of Figure 6.6 show

that in terms of the motion of the contact lines, the maximum value of the error is ∼ 0.05 mm,

or 15% of the overall motion. Additionally, the average value of the position of the left contact

line is −2.1× 10−3 ± 3.4× 10−3 mm, suggesting that the left contact line does not recede

but moves towards the low humidity region. The remarkably large error of this measurement

indicates that no conclusion on the motion of this contact line can be made from these results.

However, what is clear is that the left contact line remains in a quasi-static state during the

evaporation of the liquid column.

Figure 6.7 shows linear fits of the data to obtain information on the overall motion of the

droplet. The velocities associated with the fitting parameters are −4.9× 10−5 ± 1.8× 10−7

mm/s for the centre of the droplet, −9.8×10−5 ±1.4×10−7 mm/s for the right contact point,

and −1.7×10−7 ±2.3×10−7 mm/s for the left contact point. For both the centre of the liquid

droplet and the right interface, there is a constant velocity in the direction of the low relative

humidity region, with the right interface moving ∼ 2 times faster than the centre of the liquid

column. For the left interface, the velocity measured is two orders of magnitude smaller than

the other two. Additionally, the error of the measurement is bigger than the value of the velocity,

indicating that motion of the left interface is not conclusive.
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a)

b) c)

d) e)

Figure 6.6: SOCAL capillary tube evaporation experiments. a) Snapshots of the initial
state (top image) and the state of the droplet after 50 minutes (bottom image). The dotted red
line indicates the initial position of the centre of the liquid column and the blue dot is the centre
of the droplet. b) Graph showing the evolution of the contact lines of each interface and the
position of the centre of the droplet. c-e) are the graphs of each interface and the centre of
the droplet separately. The shaded regions represent the error of the measurement.
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Figure 6.7: Linear fits for evaporation evolution. Figure showing the linear fits for the data
for the centre of the droplet, the right contact point and the left contact point. The velocities
associated with the fitting parameters are −4.9×10−5±1.8×10−7 mm/s for the centre of the
droplet, −9.8×10−5 ±1.4×10−7 mm/s for the right contact point, and −1.7×10−7 ±2.3×
10−7 mm/s for the left contact point.

These results suggest that there might be a mechanism driving the motion of liquid column

towards low humidity regions which competes against viscous and dynamic drag forces. The

origin of this driving force could be explained by considering the relative humidity dependency

for the contact angle found in Chapter 4 and in Ref. [4]. In addition, adsorption and desorption

of water molecules in the ambient phase change the surface energy of the solid-gas interface.

Higher relative humidity lowers the surface energy, resulting in higher static contact angles.

Analogously, low relative humidity increases the surface energy of the solid, yielding lower

values of static contact angle. The hygrostactic pressure, ∆p, at the column boundaries is

governed by the curvature, C, of the interfaces following the Laplace pressure equation,

∆p = γC (6.3)

where γ is the surface tension of the liquid-gas interface. The curvature of the droplet is

dependent on the contact angle at the triple line. Hence, the curvature on the left interface,

CL, is smaller than the curvature on the right interface, CR, which means that the right interface

will experience an overpressure in comparison to the left side. To compensate for this pressure

difference, the bulk of the liquid moves towards the left interface resulting in the motion of the

right contact line and the quasi-static behaviour of the left contact line. However, in order to

make this assertion, clear images of the liquid interface of the water column must be available.
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6.2.3 Concluding remarks

In this section, I presented a method to coat the inside of thin capillary tubes (ID ≈ 1mm)

with SOCAL, achieving contact angle hysteresis values comparable to those in the literature

for flat substrates (< 3◦). I developed a method to measure contact angle hysteresis using

the capillary action. I presented evaporation experiments of liquid columns inside the capillary

tubes where each interface was exposed to a different values of relative humidity. Initial results

appear show motion of the centre of the droplet in favour of the dry side, pointing to possible

pressure driven flow generated by differences in contact angle along the 2 exposed liquid

interfaces. However, significant challenges such as excessive pinning and lack of motion of

one of the contact lines do not allow for consistency and reproducibility. This hinders the ability

to draw any solid conclusions from the experimental results since it is not possible to discern

if the contact line is pinned or moving. To overcome these challenges, one would require a

smoothing treatment of the inner surface of the capillary tubes along with better images of the

meniscus of the droplet.

6.3 Conclusion

In this chapter, the aim was to explore two different experimental approaches to hygrotaxis

by developing experimental designs that allowed a liquid droplet or a liquid column inside

a capillary tube to be exposed to differing values of relative humidity conditions. The first

approach, consisting in placing a small droplet close to a bigger one (the latter acting as

a humidity reservoir) in a dry humidity environment, showed that the evaporation dynamics

are affected. The difference in the receding speeds of the contact lines displace the centre of

mass of the droplet in favour of the region with higher relative humidity. When compared to the

simulated work presented in Chapter 5, where one side is set to a quasi-equilibrium chemical

potential and the other to a evaporating chemical potential, the results show similarities in the

behaviour of the evolution of the contact points and the centre of the droplet. The influence

of the bigger droplet is clear when measuring the rate of evaporation of the smaller droplet,

which corresponds to a relative humidity of 67% rather than the 10% measured in the humidity

chamber.

The second approach consists of placing a liquid column inside a capillary tube which re-

quired the development of a method to successfully coat the inside of capillary tubes with

SOCAL. After running evaporation experiments of 2µL water columns inside the SOCAL

coated capillary tubes, asymmetric evaporation towards the dry region was observed. The

preferential evaporation observed does not agree with expected behaviour of the contact

line under the given relative humidity parameters, suggesting that there could be an existing

driving force affecting the motion of the contact line on the low relative humidity region. This
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effect may stem from the difference in curvature between the 2 interfaces caused by the

relative humidity dependence. However, frequent encounter of pinning points throughout the

evaporations needs to be further improved as well as the experimental procedure so to be

able to claim that such effect is taking place.



Chapter 7

Summary and Future Work

This thesis has explored the interactions between water droplets, relative humidity and a novel

type of ultra-smooth surface called SOCAL. This was done in order to explore a novel effect,

named “hygrotaxis", based on the self-propulsion generated by relative humidity gradients

on pure water droplets. Hence, the unique relationship between water droplets, SOCAL and

relative humidity gradients has been studied from both an experimental perspective and

through the use of Lattice Boltzmann simulations.

Chapter 2 provides a review on the relevant theoretical framework and literature review needed

to explore hygrotaxis and droplet physics. Then, in Chapter 3, the SOCAL surface production

methodology is provided for flat glass substrates and glass capillary tubes, which includes

the cleaning procedure, the plasma exposure parameters, the coating method and the drying

conditions. To ensure that the drying conditions were controlled, a bespoke humidity control

system was developed using microcontrollers to regulate the water saturation of air in a

humidity chamber. The steps summarized above ensure that a homogeneous acid-catalyzed

polycondensation of nanometric polymer chains is created on glass substrates, producing a

pinning-free, low contact angle hysteresis surface. This chapter then provides a description

of the wetting based surface characterization methods utilized in this thesis. The first two

methodologies described are well-known in literature and are named the volumetric variation

method, which uses in-flow and out-flow of liquid to move the contact line of a droplet, and the

sliding angle method, which characterises the surface based on the critical sliding angle of a

droplet. The following two methods provided are novel ways to characterise contact angle hys-

teresis in SOCAL surfaces on flat and capillary tube configurations. The flat characterization

method is named “contact line relaxation" method, based on the relaxation of the contact angle

after the contact line is perturbed, and the capillary tube is named “capillary action" method,

which uses capillary invasion in tubes to approximate contact angles. The last section of this

chapter provides an overview of the imaging processing techniques to obtain characterisation

parameters from the image data.

127
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The first results chapter, Chapter 4, studied the statics and dynamics of liquid droplets on

flat SOCAL surfaces. Baseline evaporation experiments show that the surfaces created in

this study exhibit CCA evaporation associated with ultra-smooth surface and exhibit results

comparable to those in the literature. An analysis into the statics and dynamics of droplets

on solid surfaces is then provided, based on the contact line relaxation method. On one

hand, the results of the static analysis predict that the pinning force scales according to a

factor normal to the surface tension and the static contact angle on the surface. On the

other hand, for the analysis of the dynamics of relaxation to equilibrium, the hydrodynamic

theory and the Molecular Kinetic Theory are used to obtain expressions for the relaxation

times according to the physics described in each theory. Then, the characterization of contact

angle hysteresis on SOCAL surfaces was studied in detail. Initial results on the behaviour

of the base radius showed that the transition from static to dynamic states of liquid contact

lines went through a smooth transition. This smooth transition made the utilization of classic

methods of surface characterization difficult since the determination of the onset of contact

line motion becomes challenging to determine This slow transition increases the error of

contact angle hysteresis measurement due to the qualitative nature of this method, resulting in

errors comparable to the measurements themselves. To overcome this, a new method named

“contact line relaxation" was developed to quantitatively measure contact angle hysteresis

using the exponential relaxation to equilibrium of a liquid contact line after motion is induced.

This method approaches the value of the advancing and receding contact angles through the

asymptotic limit of the relaxation, allowing for the approach of these values at the sought infin-

itely slow flow speeds. The results of this method show a significant decrease in the standard

deviation error in the determination of the advancing and receding contact angles, resulting in

a more accurate measurement of contact angle hysteresis on SOCAL surfaces. Subsequently,

studies at different flow rates and at different relative humidities showed that this method can

reliably measure contact angle hysteresis on high relative humidities, independent of the flow

rate used. Additionally, the results at different relative humidities showed that the evaporation

contact angle on SOCAL surfaces decreases ∼ 4◦, alluding to the possibility of designing a

wetting gradient to induce self propulsion. Then, experimental relaxation times were obtained

from the fitting parameters and compared to the ones predicted by theory. The results show

a remarkable agreement with the MKT, indicating that the droplet dynamics is dependent on

kinetic variables determined by the surface, such as the frequency of jumps and the distance

between them.

Chapter 5 showed that hygrotaxis is possible under the influence of chemical potential gradi-

ents. This was done by implementing simulations based on the Lattice Boltzmann method.

Firstly, a baseline study of the evaporation of a droplet resting on a solid in free space

showed that the simulations are successful in modelling the evaporation according to the

Cahn-Hilliard equation. Then, Lattice Boltzmann simulations which model the phase change of

liquid droplets subjected to chemical potential gradients in confined systems were performed.
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In order to generate chemical potential gradients, each boundary of the channel was set to a

different equilibrium chemical potential. To avoid advective flows stemming from the density

changes in the channel, an additional chemical potential gradient was introduced to ensure

that the overall pressure was zero, allowing for the generation of a stable chemical potential

gradient in the domain. Different chemical potential gradient configurations were explored, fo-

cusing on evaporation gradients, evaporation-condensation gradients and condensation gradi-

ents. The results show that there is a prevalent motion of the centre of the mass of the

droplet towards higher values of the chemical potential in all the gradients explored. Most

significantly, motion of the contact lines in the same direction was observed in the cases were

evaporation and condensation are present, and in the case where there is equilibrium on one

side and evaporation on the other. To understand the mechanism taking place, plots of the

velocity flows of the droplet showed the strong presence of droplet surface flows which drive

the motion of the droplet. Analysis into the surface tension profile of the droplet showed the

existence of a difference in surface tension which proved to be the reason why strong surface

flows are generated on the droplet. An advection against diffusion analysis was conducted

to confirm that the motion of the droplets observed was not a product of kinematic effects

by calculating the values of the Péclet number and Marangoni number in the system. This

studies determined that the motion was indeed generated by the surface tension flows which

induce the advection of the droplet. This showed that the mechanism driving the motion of

hygrotaxis in these types of gradients is caused by a chemical potential generated Marangoni

flow.

Subsequently, additional computational studies on the effect of varying viscosity of the phases

and the channel height were performed. The viscosity contrast between the phases showed

no significant effects in the dynamics of motion in the range explored. Although the dynamics

of motion was not affected significantly in terms of the motion generated for the different

channel heights, there was a large effect in the rate of evaporation of the droplet. Flux plots

showed that as the height of the channel decreases, the mass flux flows in the system are

rectified, effectively slowing the evaporation of the droplet. This shows that hygrotaxis can be

amplified by confinement in narrow channels.

The final results chapter, Chapter 6, explored hygrotaxis in an experimental perspective.

Evaporation experiments of small droplets (0.08µL) in close proximity to a larger one (8 µL

showed displacement of the centre of mass towards the larger droplet. The normalized results

were compared with simulations in evaporation gradients which showed agreement in the

general behaviour of the droplets. To confirm that a gradient in humidity was achieved, contact

area decay measurements were performed and showed that the small droplet is evaporating

at a rate corresponding an effective humidity gradient of 67%, as opposed to the ambient

relative humidity of 10%. The second approach consisted in separating the interface of a

small body of liquid which are exposed to different values of relative humidity. To achieve this,
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a method to coat the inside of capillary tubes with SOCAL is developed and characterised

using the capillary action method described in Chapter 3. Measurements done in coated

samples showed that the SOCAL coating was successfully applied with contact angle hys-

teresis measurements comparable to those in literature for flat surfaces (2.9◦ ± 1.9◦). This

was further confirmed with measurements on uncoated glass capillary tubes which recorded

large values of contact angle hysteresis, this alludes to the inherent roughness inside the

tubes. Evaporation experiments of 2 µL liquid slugs were performed, where one end of the

capillary tube sample was exposed to a relative humidity of 5%, while the other was exposed

to a relative humidity of 94%. Initial results show preferential evaporation towards the side with

low relative humidity. However, prevalent pinning events in the evaporation experiment require

improvements in order to confirm a relative humidity induced motion. Although the results in

this chapter require further improvements in order to provide more conclusive results, they

serve as proof on concept for hygrotaxis and motivate further study into this phenomenon.

The results from this thesis expand in the understanding of liquid fronts on ultra-smooth sur-

faces, such as SOCAL, and their potential they can provide in the self-propulsion of droplets.

Self propulsion of droplets, particularly those induced by a humidity gradient, offer great

potential in applications such as optimization of heat transfer systems, water harvesting and

particle deposition [7].

In terms of studies that could stem from the findings of this thesis, future simulations could

explore the effect of different confinement geometries since the mass flux around the droplet is

influenced by the confinement condititions. For instance, simulation domains where the upper

solid boundary of the channel is angled into a wedge or made into a step-like geometry could

have a significant effect on the evaporation and the chemical potential gradient around the

droplet. Additionally, simulations of liquid slugs where a wetting gradient is introduced on the

solid boundaries would provide further understanding of the evaporation results obtained in

Chapter 6.

Experimentally, future hygrotaxis experiments could be made inside a narrow channel con-

figuration where each opening of the channel is exposed to different, and constant, relative

humidity to ensure that the gradient around the droplet is consistent throughout the duration

of the experiments, making the results more comparable to the simulations in Chapter 5.

Future studies involving capillary tube geometries could be focused in the optimization of the

SOCAL coating parameters to minimize contact angle hysteresis inside the capillary tubes.

Additionally, chemical etching procedures could be applied to the glass capillary tubes in order

to smooth their inner surface before the coating procedure is performed. Lastly, to overcome

the aspect ratio dependent surface activation in capillary tubes, future experiments could
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explore the efficacy of the Fenton reaction for the SOCAL procedure. This reaction utilizes

a liquid reagent rather than plasma for surface activation and holds a significant amount

of potential to be applicable on SOCAL since it has been shown to be effective in bonding

polymer groups inside long capillary tubes [110].
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ABSTRACT: Contact-line pinning and dynamic friction are funda-
mental forces that oppose the motion of droplets on solid surfaces.
Everyday experience suggests that if a solid surface offers low contact-
line pinning, it will also impart a relatively low dynamic friction to a
moving droplet. Examples of such surfaces are superhydrophobic,
slippery porous liquid-infused, and lubricant-impregnated surfaces.
Here, however, we show that slippery omniphobic covalently attached
liquid-like (SOCAL) surfaces have a remarkable combination of
contact-angle hysteresis and contact-line friction properties, which
lead to very low droplet pinning but high dynamic friction against the
motion of droplets. We present experiments of the response of water
droplets to changes in volume at controlled temperature and humidity conditions, which we separately compare to the predictions of
a hydrodynamic model and a contact-line model based on molecular kinetic theory. Our results show that SOCAL surfaces offer very
low contact-angle hysteresis, between 1 and 3°, but an unexpectedly high dynamic friction controlled by the contact line, where the
typical relaxation time scale is on the order of seconds, 4 orders of magnitude larger than the prediction of the classical
hydrodynamic model. Our results highlight the remarkable wettability of SOCAL surfaces and their potential application as low-
pinning, slow droplet shedding surfaces.

■ INTRODUCTION

The interaction of droplets with engineered solid surfaces has
relevance from both a fundamental and an applied perspective.
On the one hand, understanding the mechanisms involved in
the interaction between droplets and complex surfaces can
unveil new physics in the context of solid−liquid interactions.
On the other hand, engineered surfaces can be used to solve
problems in applications such as ink-jet printing,1 coating,2 and
lubrication.3

Recently, there has been a sustained interest in slippery
omniphobic covalently attached liquid-like (SOCAL) surfaces,
which are a type of engineered, ultrasmooth solid surface that
offers remarkably low static friction to the motion of
droplets.4−6 SOCAL surfaces are achieved by acid-catalyzed
graft polycondensation of dimethyldimethoxysilane, where
short polymer chains are covalently bound to a solid substrate
creating a nanometric monolayer that shields a droplet from
the underlying solid substrate.4 The polymer coating of a
SOCAL surface plays a similar role to the intermediary liquid
lubricant film used to create slippery liquid-infused porous
surfaces (SLIPS)7 and lubricant-impregnated surfaces (LIS):8

it creates a smooth surface that masks the chemical and
topographical heterogeneity of the solid substrate. However,
unlike SLIPS or LIS, on SOCAL surfaces, a droplet is in

contact with a polymer coating covalently attached to the solid
and not with a liquid layer. On SOCAL surfaces, droplets are
subject to a very low contact-angle hysteresis, typically of 1° or
below. Despite this low hysteresis, droplets on SOCAL surfaces
exhibit a remarkably low mobility,5 indicating an unexpected
high dynamic friction imparted by the surface on a moving
droplet. From a fundamental perspective, this raises important
questions about the physical mechanism governing the motion
of contact lines on SOCAL surfaces. On the other hand, the
remarkable combination of low static friction but high dynamic
friction can unlock applications in surface engineering, where
SOCAL surfaces act as “low-pinning-slow shedding” coatings.
In this paper, we study the static and dynamic friction of

water droplets on SOCAL surfaces. We start by reviewing
relevant concepts in the study of statics and dynamics of sessile
droplets on solid surfaces. We report experiments of the
droplet transition to a steady state driven by either an inflow or
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an outflow at a fixed flow rate and the subsequent relaxation to
equilibrium once the flow is suppressed. We characterize static
friction using the relaxation of the contact line toward a static
configuration, which allows us to measure the contact-angle
hysteresis directly from measurements of the apparent contact
angle. In the limit of mechanical and thermodynamic
equilibria, corresponding to a vanishing contact-line velocity
and high relative humidity (94%), we measure well-defined,
reproducible values of the advancing and receding contact
angles, which yield a contact-angle hysteresis as low as Δθ =
2.1 ± 0.4°. Out of thermodynamic equilibrium, we show that
the apparent contact angle deviates from the advancing and
receding values due to the effect of evaporation. Out of
mechanical equilibrium but at high relative humidity, we find a
variation of the apparent contact angle with interface velocity.
The corresponding relaxation time to mechanical equilibrium
is in good agreement with an analytical model based on
molecular kinetic theory.9

■ STATICS AND DYNAMICS OF DROPLETS ON
SOLID SURFACES

Statics. Consider a droplet sitting on a perfectly flat and
smooth surface. Within the framework of classical thermody-
namics, the equilibrium state of the droplet is given by a
minimum in the total surface energy of the system. For
droplets whose size is below the capillary length, this
corresponds to a spherical cap shape defined by an equilibrium
contact angle θe, also known as Young’s angle, which is
determined by the Young−Dupre ́ equation

cos e
SG SLθ

γ γ
γ

= −
(1)

where γ is the liquid−gas surface tension, γSG is the solid−gas
surface tension, and γSL is the solid−liquid surface tension.
Equation 1 implies that the equilibrium contact angle is

uniquely determined by the combination of the surface
tensions. However, this assertion is only valid in the ideal
case of a perfectly flat and smooth solid. In practice, any solid
surface is heterogeneous at small scales because of either
chemical defects or topographic roughness. Therefore, instead
of a unique equilibrium contact angle, one observes a static
contact angle, θS, which varies over a range controlled by the
surface heterogeneity.
An important consequence of the heterogeneity of a solid

surface is contact-line pinning, which is the static friction that a
droplet needs to overcome to start moving on the solid.10 A
familiar situation where contact-line pinning is evident occurs
when a droplet is placed on an incline: one observes that the
droplet resists motion up to a maximum inclination angle at
which point it moves down. At the onset of motion, the
contact angle of an advancing liquid−gas interface is referred
to as the advancing contact angle, θA. Similarly, the contact
angle at the onset of a receding motion is called the receding
angle, θR. Therefore, the range of the static contact angle, θS, is
given by

R S Aθ θ θ≤ ≤ (2)

and the amplitude of this range is a measure of the hysteresis
caused by the surface heterogeneity, typically called the
contact-angle hysteresis

A Rθ θ θΔ = − (3)

The importance of contact-angle hysteresis becomes evident
when considering the pinning force acting on a droplet. At the
onset of motion, the net force acting on the contact line is
given by

F r2 ( cos cos )pinning A Rγ θ θ= − (4)

where r is the base radius of the droplet.5 From eqs 2 and 3, it
follows that the advancing and receding angles obey θA = θS +
fΔθ and θR = θS − (1 − f) Δθ, where 0 ≤ f ≤ 1. Inserting these
expressions in eq 4 and expanding in powers of Δθ gives

F r2 sinpinning Sγ θ θ≈ − Δ (5)

Hence, the pinning force scales with contact-angle hysteresis
by a factor determined by the normal component of the surface
tension force, γ sin θS.

Relaxation to Equilibrium. Beyond the onset of motion,
the shape of the droplet can be characterized in terms of a
dynamic angle, θ(v), which depends on the velocity of the
contact line, v.10,11 For an advancing contact line, the dynamic
angle is higher than the advancing angle, i.e., θ(v) > θA, and
one expects that θ approaches θA as v → 0. Similarly, for a
receding contact line, θ(v) < θR, and θ→ θR as the contact line
comes to a rest.
The deviation of the dynamic contact angle from the static

value is governed by the competition between driving and
dissipative forces. On the one hand, the large-scale
deformation of the liquid−gas interface is governed by the
competition between viscous stresses and surface tension. This
is described by the Cox−Voinov theory,12,13 which gives the
following prediction of the apparent contact angle as a function
of the velocity of the interface

L
l

9Ca ln3
m
3

m

i
k
jjjjj

y
{
zzzzzθ θ= +

(6)

where Ca = ηv/γ is the capillary number, L is the typical
macroscopic length scale where the dynamic contact angle is
measured, and θm is the microscopic contact angle, measured
at a microscopic cutoff length scale lm.

11

In addition, the effect of the solid surface on the motion of
the contact line is controlled by microscopic processes. Haynes
and Blake developed a model for the contact-line dynamics
based on molecular kinetic theory (MKT),14 which was
subsequently used to describe the spreading of droplets on
solid surfaces.15 In the framework of MKT, the contact-line
motion is governed by the rate of adsorption and desorption of
molecules from the solid. The balance between both processes
sets the contact-line velocity5

v K
k T

2 sinh
(cos cos )

20
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B

i

k
jjjjj

y

{
zzzzzξ

γξ θ θ= −
(7)

where K0 is the frequency of adsorption−desorption of
molecules at the contact line, ξ is the average distance of
molecular displacements, and kBT is the thermal energy.
We now study the relaxation of the droplet toward a

spherical cap shape and derive separate expressions for the
typical relaxation time based on the Cox−Voinov and MKT
models. We start by assuming that the droplet shape is a
spherical cap of instantaneous base radius r(t), contact-line
velocity v = r,̇ and spatially uniform dynamic contact angle
θ(t). Therefore, deviations of the droplet shape from the static
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configuration can be quantified in terms of the deformation
angle

t t( ) ( ) Sδθ θ θ= − (8)

where θS is the limiting static value of the contact angle, i.e.,
either θA or θR depending on whether the contact line is
advancing or receding during the relaxation process. In the
limit of small deformations, we expect that the velocity of the
contact line varies linearly with δθ, i.e.

r mδθ̇ = (9)

where the constant m is determined by the physical mechanism
governing the motion of the contact line. For a spherical cap,
one has the geometrical relation

r
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π θ θ
= + + (10)

Expanding this expression in powers of δθ and differentiating
with respect to time lead to the relation

r
rd

d Sθ
δθ̇ = | ̇

θ θ= (11)

Combining eqs 9 and 11 and integrating with respect to time
give the exponential relaxation

t t( ) exp( / )S 0θ θ δθ τ= + − (12)

where δθ0 is the initial deformation and

m
r1 d

d S
τ

θ
= |θ θ= (13)

is the relaxation time.
For viscous-dominated dynamics, the microscopic contact

angle is expected to be close to the static value,11 i.e., θm ≈ θS.
Setting θ = θS + δθ in eq 6, expanding in powers of δθ, and
using eqs 9 and 13 lead to the following expressions
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One can obtain equivalent expressions using the MKT model.
Expanding eq 7 in powers of δθ and using eqs 9 and 13, we
obtain
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■ EXPERIMENTAL METHODS
SOCAL Surfaces. SOCAL surfaces were prepared following the

methodology outlined by Wang and McCarthy4 and optimized using
the experimental parameters reported by Armstrong et al.6 Glass
slides (25 mm × 75 mm) were cleaned in a solution of deionized (DI)

water and detergent (Decon 90, 2% solution) placed into a 30 min
ultrasonic bath followed by rinsing with DI water, acetone, and
isopropanol (IPA). The clean slides were then put in an air plasma
oven (Henniker HPT-100) operating at a power of 30 W for 30 min,
which creates OH− radicals on the glass substrate. The slides were
immersed for 5 s in a solution of isopropanol, dimethyldimethox-
ysilane, and sulfuric acid (100, 10, and 1 wt %, respectively) and
withdrawn manually. This solution reacts with the exposed OH−

groups, inducing the polycondensation of PDMS chains on the
surface. The result is the grafting of an ∼4 nm thick liquid-like
polymer coating on the surface of the glass substrate.4

Contact-Angle Measurements. Figure 1a shows the exper-
imental setup. A SOCAL surface sample is positioned within a drop

shape analyzer (Krüss, DSA25), equipped with a leveling stage, a
thermostat, and humidity control. The experimental procedure
consists of depositing a droplet of deionized water and controlled
volume, V = 8 μL, on the SOCAL surface. A thin needle (outer
diameter: 0.4 mm) is connected to a micropump (Cellix ExiGo) and
used to feed or withdraw liquid from the edge of the droplet. At the
same time, the apparent contact angle is measured at the opposite
edge of the drop, where the droplet maintains a shape close to a
spherical cap. The volume variation is carried out as follows. A volume
ΔV = 4 μL of water is first injected into the droplet at a prescribed
flow rate, q̇, which we vary between 1 and 10 μL/min (Figure 1b).
The droplet is then left to rest with the needle in for a period of 2 min
to allow the contact line enough time to return to a static position.
Subsequently, a volume ΔV = 4 μL of water is withdrawn from the
droplet at the same flow rate (Figure 1c) and is then left to rest for 2
min before video recording is stopped. The droplet is then removed
from the surface, and the process is repeated.

All experiments are performed at a controlled relative humidity,
which we vary between 30 ± 0.5 and 94 ± 0.5% and at a constant
temperature, T = 25 ± 0.2 °C. For each set of parameters, the
experiment is repeated 5 times.

The experiments were recorded using a video camera, and the
resulting images were analyzed using pyDSA, an in-house droplet
shape analyzer.16 The resolution of the video footage was at least 2
pixels/μm, and the apparent contact angle of the droplet is
determined by image analysis as follows. First, the apparent contact
line is detected using the droplet’s reflection on the solid. The
droplet’s free contour is determined using a brightness threshold
function. A third-degree polynomial is fitted to the contour of the
droplet over a region that ranges from the free edge of the drop to the
point where the needle meets the droplet. The algorithm then
determines the point at which the polynomial meets the contact line
and computes the apparent contact angle as the local slope. The
resolution of the images allows the algorithm to produce droplet
contours formed by ∼250−500 points, leading to a small fitting error.
Therefore, the systematic measurement error in the apparent angle is
δθ ∼ 0.2°, which is commensurate with previous errors reported in
the literature.17,18

To determine the advancing and receding contact angles and,
therefore, the contact-angle hysteresis, we used two different methods.
As a first method, we determined the onset of motion of the contact

Figure 1. Experimental setup. (a) Droplet of controlled initial volume
V is placed on a SOCAL surface and connected to a micropump
through a thin needle. (b, c) Micropump injects or withdraws liquid
at a prescribed flow rate q̇ (vertical arrows). The instantaneous
apparent contact angle, θ, and base radius, r, are measured using
image analysis. The scale bar is 1 mm.
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line upon increasing and decreasing the volume of the droplet.10,19−22

This point is then mapped to the corresponding apparent contact
angle: θA for a volume increase and θR for a volume decrease. The
second method consists of tracking the apparent contact angle as the
velocity of the contact line vanishes after a change in volume, and
identifying the corresponding limiting value of the apparent contact
angle as either the advancing or the receding angle.23

■ EXPERIMENTAL RESULTS
Figure 2 shows representative measurements of θ(t) (red line) and
r(t) (blue line) for an 8 μL droplet subject to changes in volume at a

constant flow rate (ΔV = ±4 μL; q̇ = 10 μL/min), followed by
relaxation periods at a zero flow rate (Δt = 120 s). The temperature
and relative humidity are fixed at T = 25 °C and RH = 94%, ensuring
that the droplet does not undergo significant evaporation during the
experiment. During the injection phase (green-shaded region), the
apparent contact angle increases sharply from the initial value θi ≈
103°. This sharp increase is followed by a steady motion of the

contact line, where θ ≈ 106° and where the base radius grows at a rate
r ̇ = 9 ± 1 μm/s. A similar situation occurs during the withdrawal
phase of the experiment (red-shaded region), where the apparent
contact angle sharply falls as the contact line starts to recede until it
settles at θ ≈ 99° for a contact-line velocity, r ̇ = 12 ± 1 μm/s. Once
the flow is switched off, the apparent contact angle relaxes to well-
defined constant values: θ = 103.8 ° after injection and θ = 101.6°
after withdrawal.

Effect of Flow Rate. The relaxation of the apparent contact angle
reported in Figure 2 indicates that dynamical effects due to a finite
flow rate affect the shape of the droplet.23 To understand the
relevance of this effect for droplets on SOCAL surfaces, we performed
experiments on a fresh SOCAL sample considering three different
flow rates: q̇ = 1, 5, and 10 μL/min. As before, the experiment
consisted of a change in the droplet volume ΔV = ±4 μL, followed by
a relaxation at a zero flow rate (Δt = 300 s). The experiment was
repeated three times for each flow rate. The temperature and relative
humidity were kept at T = 25 °C and RH = 94%.

Figure 3a−c shows measurements of the apparent contact angle. As
before, we observe two dynamical regimes, corresponding to an
increase or a decrease in the base radius, which are characterized by
maximum and minimum values of the apparent contact angle,
respectively. These regimes are followed by a relaxation to static
values. Figure 3d shows a superposition of the data for the three flow
rates studied. In the plot, we use arbitrary units of time to match the
volume increase/decrease windows while we leave the rest of the time
data unaltered (i.e., time units in the relaxation portions of the plot
are the same for all flow rates). Although the effect of the input and
output rates is subtle, it is clear that, in all cases, the response of the
apparent contact angle during a change in the droplet volume
depends on the flow rate. In contrast, the relaxation at zero flow rate
consistently leads to the same relaxation curves and limiting static
values of the apparent contact angle regardless of the flow rate.

Effect of Relative Humidity. To understand the effect of relative
humidity on the droplet’s apparent contact angle, we carried out
experiments at RH = 94, 50, and 30%, at a fixed flow rate, q̇ = 10 μL/
min, and temperature, T = 25 °C. For each experiment, the relaxation
window was kept at Δt = 120 s. Figure 4 shows the changes in the
apparent contact angle (a−c) and base radius (d−f) for the three
relative humidities considered. We report the change in base radius,
Δr = r − r0, to account for variations in the initial radius, r0. During

Figure 2. Apparent contact angle and base radius measurements at
high relative humidity. The graph of a typical experimental set of data
performed at a constant flow rate q̇ = 10 μL/min at T = 25° C and
RH = 94%. The zoomed-in regions show how the smooth transition
from a static to a moving contact line introduces uncertainty in the
measurement of the advancing and receding angles.

Figure 3. Effect of flow rate on the apparent contact angle. (a−c) Variation of the contact angle at different flow rates. (d) Overlap of the
experimental data. The apparent contact angle relaxes to constant values, which are independent of the flow rate. The difference between these
values is identified as the contact-angle hysteresis.
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the injection phase, the apparent contact angle reaches the same
dynamic value regardless of the relative humidity θ = 105 ± 1.1°.
However, during the subsequent relaxation, there is a significant
change in the apparent contact angle at different relative humidities.
Unlike the plateau behavior observed at RH = 94%, at RH = 50 and
30%, the apparent contact angle decreases with time at a rate that
becomes stronger with decreasing relative humidity. During the same
step, the base radius remains constant and independent of the relative
humidity (see panels d−f in Figure 4). In the withdrawal phase, we
observe an initial decrease of the apparent contact angle. Once the
flow is switched off, the apparent contact angle relaxes to a plateau
while the base radius decreases at a roughly constant rate. Both the
plateau value of the apparent contact angle and rate of change of the
base radius depend on the relative humidity.

■ DISCUSSION AND ANALYSIS

Contact-Angle Hysteresis Measurement and Uncer-
tainty. We first discuss the uncertainty in the measurement of
the advancing and receding contact angles on SOCAL surfaces
and its effect on the determination of the contact-angle
hysteresis.
Typically, θA and θR are identified as the apparent contact

angles at the onset of motion of the contact line upon an
increase or decrease of the volume of the droplet,
respectively.6,10,19−22 On SOCAL surfaces, however, the
onset motion is difficult to identify with precision. This is
because, as shown in the zoomed-in regions of Figure 2, the
apparent contact angle and the base radius vary smoothly as

the contact line starts to move. The typical range of transition
of the base radius from the static value to a constant contact-
line velocity is Δr ≈ 0.2 mm. The corresponding range of
change in the apparent angle is Δθ ≈ 2°, which is comparable
to the overall change in θ during the volume change. As shown
in Table 1, the uncertainty in the measurement of the
advancing and receding contact angles is on the order of 1°.
This leads to a contact-angle hysteresis Δθ = 2.5 ± 1.7°.
Shirtcliffe et al. proposed that the advancing and receding

angles can only be measured in the limit of a vanishingly small
flow rate.23 In our experiments, this limit corresponds to the
relaxation of the apparent contact angle after the flow rate is
stopped. Indeed, as shown in Figure 3, such a relaxation leads
to the same limiting static values of the apparent contact angle
regardless of the flow rate. Table 1 shows measurements of θA
and θR obtained after the contact-line relaxation for the same
experimental conditions of the volume-change method. The
results show a significant (3-fold) reduction of the standard
deviation of the measurements, which leads to a more
consistent contact-angle hysteresis measurement, Δθ = 2.1 ±
0.4°.
Note that, even though the average contact-angle hysteresis

obtained from both methods is similar, the relative error for
the volume-change method amounts to 68%. This is clearly
important, as the corresponding error in the pinning force is
proportional to the error in the contact-angle hysteresis (see eq
4). In contrast, the error in the measurement of Δθ obtained

Figure 4. Influence of relative humidity on the apparent contact angle and the base radius. (a−c) Variation of the apparent contact angle at RH =
94, 50, and 30%, respectively. (d−f) Corresponding change in the droplet base radius.
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from the contact-line relaxation is consistently smaller (19%
for the data reported in Table 1) and confirms the low-pinning
force exerted by the SOCAL surface on water droplets.
Contact Angles In and Out of Thermodynamic

Equilibrium. We now discuss the effect of relative humidity
on the contact-angle hysteresis. Figure 4a,d shows measure-
ments of the apparent contact angle and droplet base radius
upon a change in volume at a high relative humidity (RH =
94%), corresponding to conditions close to thermodynamic
equilibrium. After either an advancing or a receding motion of
the contact line, both the apparent angle and droplet base
radius relax to well-defined constant values, with no
appreciable subsequent variation over the time scale of the
experiments.
Figure 4b,c,e,f shows the corresponding curves for a lower

relative humidity (RH = 50 and 30%). After a volume increase,
the apparent contact angle undergoes a sustained decrease over
time (Figure 4b,c), while the base radius of the drop remains
constant (Figure 4e,f). This indicates that the droplet is out of
thermodynamic equilibrium and undergoing a constant
contact-area mode of evaporation.24 Indeed, the rate at
which the apparent contact angle decreases is larger for
smaller relative humidity. This is likely due to a higher mass
loss due to evaporation. On the other hand, after a volume
decrease, the apparent contact angle remains constant, while
the base radius decreases. This is consistent with a constant
contact-angle mode of evaporation.24 The apparent contact
angle, however, is not equal to the receding contact angle
measured at high relative humidity. It decreases with lower
relative humidity (see Table 2). This indicates that the contact
line is out of both thermodynamic and mechanical equilibria
and recedes from the solid surface at a rate controlled by
evaporation.
Relaxation to Equilibrium. We now compare the

prediction of the Cox−Voinov theory and the molecular
kinetic theory (eqs 15 and 17) to the experimental measure-

ments of the relaxation of the droplet close to thermodynamic
equilibrium (RH = 94%). As shown in Figure 2, the apparent
contact angle seems to follow an exponential variation toward
the limiting static value. To obtain an experimental measure-
ment of the relaxation time, τ, we fitted the measurements of
the instantaneous base radius of the droplet to the function

t t t( ) exp( / )θ θ θ τ α= + Δ − +∞ (18)

Here, θ∞ corresponds to the limiting value of the contact angle
after relaxation, i.e., either the advancing or receding contact
angle, and Δθ is the difference between the contact angle at the
initial data point of the fit with θ∞. The final term is introduced
to account for the effect of evaporation, where α is a constant.
A fit of the data to this equation yields values of α or the order
of 1 × 10−3°/s, which leads to a variation of the contact angle
of at most 0.2° over the period of relaxation. The data fits give
an average relaxation time τ = 8.3 ± 5.8 s.
To obtain a prediction of the relaxation time from the Cox−

Voinov theory (eq 15), we use γ = 72 mN/m, η = 0.89 mPa s,
L = 1.2 mm, and lm = 4 nm, where the macroscopic length
scale L is chosen as the typical size of the droplet, and the
microscopic length scale lm is chosen to be comparable to the
polymer chain length reported for SOCAL.4,10 This leads to
τCV = 1. 131 × 10−4 s, which differs from the experimental
measurement by several orders of magnitude. The free
parameter in the Cox−Voinov model, which leads to the
discrepancy, is the ratio L/lm in eq 15. Keeping L ≈ 1 mm and
fitting the Cox−Voinov theory to the experimental data give lm
≈ 0.1 pm, which seems unrealistic.
To compare to the prediction of the molecular kinetic

theory (eq 17), one needs knowledge of the frequency of the
adsorption−desorption events, K0, and of the intermolecular
distance, ξ. Daniel et al.5 studied the dissipative force exerted
on water and sucrose droplets on SOCAL surfaces. By fitting
their experimental data to the MKT model, they obtained K0 =
7500 s−1 and ξ = 3 nm. Using these values in eq 17 yields τMKT
= 0. 2324 s, which is a better prediction of the experimental
measurement of the relaxation time.
We now discuss the difference between the prediction from

the MKT model and the experimental measurement of the
relaxation time. The molecular scale, ξ, is unlikely to differ
significantly from the experiments reported in ref 5. On the
other hand, the experiments of ref 5 do not report a specific
value of relative humidity, but it is reasonable to assume that
these were carried out at ambient conditions, i.e., RH < 94%.
Our experiments were carried out at a high relative humidity
(RH = 94%), where the liquid is close to equilibrium with the
surrounding vapor phase. Hence, we expect that the frequency
of adsorption−desorption events is smaller in our experiments.
Indeed, treating K0 as a single free parameter and fitting to the
experimental measurement of the relaxation time yield a value
K0 = 204.5 s−1. This suggests that at high relative humidity the
contact line is slowed down by the rate of adsorption−
desorption of molecules from the solid.
Figure 5 shows instantaneous measurements of the contact

angle vs contact-line velocity averaged over five independent
trials. The prediction of the Cox−Voinov theory and of the
molecular kinetic theory is superimposed for comparison. For
the Cox−Voinov, we use the parameter values γ = 72 mN/m, η
= 0.89 mPa s, L = 1.2 mm, and lm = 4 nm. For the advancing
configuration, we use θm = 104.4° and for the receding
configuration, we use θm = 102.2°. For MKT, we use the
parameter values of K0 = 204.5 s−1 and ξ = 3 nm, with θS =

Table 1. Apparent Contact-Angle Measurements of Water
Droplets on SOCAL Surfacesa

volume-change method
contact-line relaxation

method

trial number
θA

(deg)
θR

(deg)
Δθ
(deg)

θA
(deg)

θR
(deg)

Δθ
(deg)

1 104.4 100.3 4.1 103.8 101.6 2.2
2 105.5 101.3 4.2 104.2 102.2 2.0
3 104.6 104.3 0.3 104.6 102.3 2.3
4 105.4 104 1.4 104.3 102.8 1.5
5 105.1 102.4 2.7 104.9 102.3 2.6
mean (deg) 105.0 102.4 2.5 104.4 102.2 2.1
s.d. (deg) 0.5 1.7 1.7 0.4 0.4 0.4
aVolume-change method: θA and θR are determined by estimating the
onset of motion of the contact line at a constant flow rate q̇ = 10 μL/
min. Contact-line relaxation method: θA and θR are determined as the
limiting apparent contact angles that the droplet exhibits after
relaxation to a static shape. The temperature and relative humidity are
T = 25 °C and RH = 94%.

Table 2. Effect of Relative Humidity on the Apparent
Contact Angle after a Volume Decrease

relative humidity 94% 50% 30%

θ (deg) 102.1 ± 0.3 100.5 ± 0.3 98.4 ± 0.7
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104.4° for the advancing configuration and θS = 102.2° for the
receding configuration. The prediction of the MKT uses the
parameter values fitted to match the relaxation time during the
relaxation periods. The prediction of the molecular kinetic
theory captures the experimental data to a better degree than
that of the Cox−Voinov theory.

■ CONCLUSIONS

In this work, we have studied the static and dynamic friction
imparted by SOCAL surfaces on water droplets. Our study of
static friction has focused on determining the contact-angle
hysteresis of droplets under controlled temperature and
ambient humidity conditions. We have reported direct
measurements of the advancing and receding contact angles
in the limit of mechanical and thermodynamic equilibria by
tracking the relaxation of a droplet’s interface after a volume
change. Such measurements are independent of the flow rate
used to affect the volume change, leading to a significantly
lower uncertainty in the measurement of the advancing and
receding angles compared to the method of identifying the
onset of contact-line motion.
Out of thermodynamic equilibrium, corresponding to an

ambient relative humidity below the point of liquid−vapor
phase coexistence, the droplet’s interface does not relax to the
advancing and receding angles. Instead, the droplet undergoes
evaporation keeping a constant apparent contact angle, which
is always lower than the receding contact angle measured close
to thermal equilibrium.
In regard to dynamic friction, we have studied the time scale

of relaxation of the droplet to a static configuration and
compared the experimental measurement of the relaxation
time to a hydrodynamic model and a model based on the
molecular kinetic theory. Our results support that the dynamic
friction imparted by SOCAL surfaces on droplets is dominated
not by the hydrodynamic flow close to the droplet’s edge, but
by the motion of the contact line.
Our results highlight the remarkable wettability of SOCAL

surfaces and can motivate further studies of the statics and
dynamics of droplets on other coatings achieved by polymer
grafting.25

■ AUTHOR INFORMATION
Corresponding Author

Rodrigo Ledesma-Aguilar − Smart Materials and Surfaces
Laboratory, Northumbria University, Newcastle upon Tyne
NE1 8ST, United Kingdom; Institute for Multiscale
Thermofluids, School of Engineering, University of Edinburgh,
The King’s Buildings, Edinburgh EH9 3FB, United
Kingdom; orcid.org/0000-0001-8714-0556;
Email: rodrigo.ledesma@ed.ac.uk

Authors
Hernán Barrio-Zhang − Smart Materials and Surfaces
Laboratory, Northumbria University, Newcastle upon Tyne
NE1 8ST, United Kingdom; Institute for Multiscale
Thermofluids, School of Engineering, University of Edinburgh,
The King’s Buildings, Edinburgh EH9 3FB, United Kingdom
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and Wetting Phenomena, 1st ed.; Springer: New York, 2004.
(11) Bonn, D.; Eggers, J.; Indekeu, J.; Meunier, J.; et al. Wetting and
spreading. Rev. Mod. Phys. 2009, 81, 739−805.
(12) Voinov, O. V. Hydrodynamics of wetting,. Fluid Dynamics
1977, 11, 714−721.
(13) Cox, R. G. The dynamics of the spreading of liquids on a solid
surface. Part 2. Surfactants. J. Fluid Mech. 1986, 168, 195−220.
(14) Blake, T. D.; Haynes, J. M. Kinetics of liquid liquid
displacement. J. Colloid Interface Sci. 1969, 30, 421−423.
(15) de Ruijter, M. J.; De Coninck, J.; Blake, T. D.; Clarke, A.;
Rankin, A. Contact angle relaxation during the spreading of partially
wetting drops. Langmuir 1997, 13, 7293−7298.
(16) Launay, G. PyDSA Droplet Shape Analysis in Python, 2018.
(17) Vuckovac, M.; Latikka, M.; Liu, K.; Huhtamak̈i, T.; Ras, R. H.
A. Uncertainties in contact angle goniometry. Soft Matter 2019, 15,
7089−7096.
(18) Liu, K.; Vuckovac, M.; Latikka, M.; Huhtamak̈i, T.; Ras, R. H.
Improving Surface-Wetting Characterization. Science 2019, 3, 1147−
1148.
(19) Lam, C.; Wu, R.; Li, D.; Hair, M.; Neumann, A. Study of the
advancing and receding contact angles: liquid sorption as a cause of
contact angle hysteresis. Adv. Colloid Interface Sci. 2002, 96, 169−191.
(20) McHale, G.; Shirtcliffe, N. J.; Newton, M. I. Contact-angle
hysteresis on super-hydrophobic surfaces,. Langmuir 2004, 20,
10146−10149.
(21) Gao, L.; McCarthy, T. J. Contact Angle Hysteresis Explained.
Langmuir 2006, 22, 6234−6237.
(22) Eral, H. B.; ’t Mannetje, D. J. C. M.; Oh, J. M. Contact angle
hysteresis: a review of fundamentals and applications. Colloid Polym.
Sci. 2013, 291, 247−260.
(23) Shirtcliffe, N. J.; McHale, G.; Atherton, S.; Newton, M. I. An
introduction to superhydrophobicity. Adv. Colloid Interface Sci. 2010,
161, 124−138.
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