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Abstract 

Multiphase Droplet Interactions with a Single Fiber 

By: Noor M. Farhan 

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy 

at Virginia Commonwealth University. 

Virginia Commonwealth University, 2019 

Director: Hooman V. Tafreshi,  

Professor, Department of Mechanical and Nuclear Engineering  

 

Formulating the physics of droplet adhesion to a fiber is interesting intellectually and important 

industrially. A typical example of a droplet–fiber system in nature is the dew droplets on spider webs, 

where droplets first precipitate and grow on the fibers, but they eventually fall when they become too 

heavy. Obviously, quantifying the force of adhesion between a droplet and a fiber is crucial in designing 

fog harvesting devices or manufacturing filtration media for liquid–gas or liquid–liquid separation, among 

many other industrial applications. This study is aimed at developing a mathematical framework for the 

mechanical forces between a droplet and a fiber in terms of their physical and wetting properties. To this 

end, a series of experiments were conducted to detach ferrofluid droplets of varying volumes from fibers 

with different diameters and Young–Laplace contact angles (YLCAs) in a controlled magnetic field.  The 

force of detachment was measured using a sensitive scale and used along with the results of numerical 

simulations to develop a semi-analytical expression for the force required to detach a droplet from a fiber. 

This universally-applicable expression allows one to predict the force detachment without the need to run 

an experiment or a computer simulation.  
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This work also reports on the use of magnetic force to measure the force of detachment for nonmagnetic 

droplets for the first time. This is accomplished by adding a small amount of a ferrofluid to the original 

nonmagnetic droplet to create a compound droplet with the ferrofluid nesting inside or cloaking the 

nonmagnetic droplet. The ferrofluid is then used to induce a body force to the resulting compound droplet 

and thereby detach it from the fiber. The recorded detachment force is used directly (the case of nesting 

ferrofluid) or after scaling (the case of cloaking ferrofluid) to obtain the force of detachment for the 

original nonmagnetic droplet. The accuracy of these measurements was examined through comparison 

with numerical simulations as well as available experimental data in the literature. In addition, a simple 

method is developed to directly measure the intrinsic contact angle of a fiber (i.e., Young–Laplace Contact 

angle of the fiber material) with any arbitrary liquid. It is shown that the intrinsic contact angle of a fiber 

can be obtained by simply measuring the angle between the tangent to the fiber surface and the tangent to 

the droplet at the contact line, if the droplet possesses a clamshell conformation and is viewed from the 

longitudinal direction. The novelty of the proposed method is that its predictions are not affected by the 

volume of the droplet used for the experiment, the wettability of the fiber, the surface tension of the liquid, 

or the magnitude of the body force acting on the droplet during the experiment.   

Also, a liquid droplet interaction with granular coatings is simulated and the droplet apparent contact angle 

(ACA) and the transition from Cassie (fully dry) to Wenzel (fully wet) state as a function to the roughness 

wavelength have been studied. For a fixed droplet volume, two different granular coatings have been used, 

spherical and hemispherical bumps. It is demonstrated that the chemistry (YLCA) and geometrical 

parameters for the granular microtexture play an important effect on the droplet ACA and its transition 

from Cassie to Wenzel state. 
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Chapter 1. Introduction 

 

1.1 Droplet Interactions with Fibers 

Droplets on fibers are part of our everyday lives. Indeed, many phenomena involve drops on fibers such 

as the formation of dew droplets on a spider web, the trapping of water droplets on cactus spines or the 

dyeing of cotton or wool fibers. Therefore, this topic has received significant attention for years and is 

still an important topic. However, understanding the underlying physics of droplet detachment from the 

fiber is a challenging problem of crucial importance to many engineering applications such as liquid− 

liquid separation, liquid−gas filtration, textiles, microfluidics, water transport in fuel cells, and even water 

harvesting, to name a few [Contal et al. 2004; Michielsen and Lee 2007; Gauthier et al. 2012; Gilet et al. 

2009; Ju et al. 2012; Patel and Chase 2014; Wurster et al. 2015]. A simple manifestation of the role of 

droplet−fiber interactions in nature is the dew formation on spider webs or cactus spines where droplets 

first adhering to such fibrous structures when they are small, but then detach from the fibers when they 

grow larger (e.g., see [ Bai et al. 2010; Ju et al. 2012; Malik et al. 2016]). So, formulating the physics of 

droplet adhesion to a fiber is interesting intellectually and important industrially. Obviously, quantifying 

the force of adhesion between a droplet and a fiber is crucial in designing fog-harvesting media (e.g., [Xu 

et al. 2016]), filtration media for liquid–gas or liquid–liquid separation (e.g., [Contal et al. 2004]), 

functional textiles (e.g., [Michielsen and Lee 2007]), and open microfluidics system (e.g., [Gilet et al. 

2009]) among many other applications.  

Starting with the pioneering work of Carroll [Carroll 1976], droplet equilibrium shape on a single fiber 

has been vastly studied by various groups (e.g., [Carroll 1991; De Ruiter et al. 2012; Mei et al. 2013]). 

Depending on the fiber radius, droplet volume and the surface energy of the fiber, two fundamentally 
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different conformations of macroscopic droplets has been found (i.e., barrel and clam-shell 

conformations). Barrel shapes occur for large droplets relative to the fiber radius or for low contact angles. 

Clam-shell shapes occur for small droplets or high contact angles. Despite the prevalence of such 

technology in industry, only a few studies have been focused on quantifying droplet detachment force 

from a fiber. Correlations have been reported to relate droplet mobility to volume of the droplet, surface 

tension, Reynolds number and capillary number which are applicable only over a narrow set of parameters 

[Mullins et al. 2011; Funk et al. 2014; Hong et al. 2011]. Wettability of the fibers is important to many 

industries such as coating processes, textile fabrication, self-cleaning processes and filtration of fluids. 

Early studies on the wetting phenomena of droplet-on-fiber systems have reported on determining the 

droplet shape and on extracting the contact angle accurately which is different from the contact angle that 

the same liquid would form on a flat plate [McHale and Newton 2002; Rebouillat et al. 1999]. Our study 

easy-to-use mathematical expressions that can be used to predict the force needed to detach a given droplet 

from an arbitrary fiber using existing data obtained for a fiber–droplet system. In addition, we developed 

a semi-empirical correlation to calculate the force required to detach a droplet from a fiber in a direction 

normal to the fiber axis (referred to here as droplet detachment force), for fiber–droplet system with 

different dimensions or physical properties, for the first time. 

We came up with a new method to measure fibers contact angle. During the past decades, several methods 

have been developed to determine the solid CA from the shape of drop. The analysis of the sessile drop 

profile is preferred in recent years due to a broad availability of image analysis systems and softwares that 

handle the profiling of the sessile drop shape. However, this method is not as straightforward for fibers 

since their cylindrical geometry affects the drop shape [Carroll 1976; McHale and Newton 2002]. 

Recently, method was proposed based on the analysis of the meniscus formed when a fiber is immersed 

into a liquid [Clanet and Quere 2002]. The meniscus can be fitted by the Young–Laplace equation; 
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alternatively, the contact angle can be calculated from the meniscus height. Unfortunately, small 

dimensions of the liquid meniscus climbing over the small-diameter fiber poses challenges in collecting 

enough data points for plotting the Young–Laplace equation.  

In our study, an alternative method is proposed. Contact angles are determined on fibers directly through 

analysis of a clamshell droplet profile formed on fibers under the influence of gravity. The shape of the 

drop is directly imaged from the longitudinal view with the fiber, and the contact angle is determined as a 

geometrical parameter from the intersection of the drop profile with the solid. The measurement is 

achieved by simply aligning the tangent of the drop profile at the contact point with the solid surface 

tangent and reading the protractor through the eyepiece.  

 

Detaching non-magnetic droplet has been studied experimentally [Mullins et al. 2007; Mead-Hunter et al.  

2011; Sahu et al. 2013; Fang et al. 2015; Hotz et al. 2015; Davoudi et al. 2016], and each study has been 

conducted such a complicated method to detach the droplet. In most of these studies, droplet motion away 

from the fiber(s) were driven by air flow, surface wetting heterogeneity, or an external mechanical device 

like an atomic force microscope (AFM) cantilever. The experimental method developed in the work 

presented here, on the other hand, circumvents many complications that arise from the use of air or an 

external device to detach or move a droplet. For instance, when air is used as the driving mechanism to 

detach a droplet from a fiber, the resulting force can become somewhat dependent on the aerodynamic 

field around the droplet−fiber assembly (e.g., laminar vs turbulent, dependent on the flow orientation with 

respect to fibers) as well as the geometry of the test chamber used for the experiment [Sahu et al. 2013; 

Fang et al. 2015; Davoudi et al. 2016]. Likewise, bringing an AFM cantilever tip (even treated with a 

phobic coating) into contact with the droplet may change the original problem of a droplet interacting with 

a fiber to a new problem of a droplet interacting with a fiber and a cantilever tip (and its associated droplet 
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shape changes) [Mullins et al. 2007; Mead-Hunter et al. 2011; Hotz et al. 2015]. The use of an AFM 

microscope for such measurements also comes with additional limitations with regard to imaging the 

droplet during the experiment, the cost of modifying the cantilever tip, and the inconvenience of working 

with a sophisticated instrument designed for measuring atomic force rather than moving a droplet on a 

fiber. 

The method developed in this article is based on forming a compound droplet of two immiscible fluids by 

using ferrofluid (referred to here as secondary fluid) in a magnetic field to detach the non-magnetic droplet 

(referred to here as the primary fluid e.g., a water or an oil droplet) from a fiber in a direction normal to 

the fiber axis. It is quite easy to implement and is flexible with regard to varying the droplet fluid.  

Numerically, the energy minimization approach has been used to solve for 3-D shape of the droplet and 

predict the detachment force for that fiber-droplet system to validate our experimental results. That is done 

by using a public domain software called Surface Evolver (SE) [Brakke 1992]. The finite element code, 

Surface Evolver (SE), is able to solve for the minimum-energy shape of an interface between two 

immiscible fluids. The general form of the energy equation 𝐸 being integrated in thecode can be expressed 

as 𝐸 = 𝜎𝐿𝐺 𝑑𝐴𝐿 + 𝜌 𝑔 ℎ ∫𝑑𝑉 − 𝜎𝐿𝐺  cos 𝜃 ∫ 𝑑𝐴 
 

𝑆𝐿
in which 𝐴, 𝜎, 𝜃 and 𝑉 are the area, surface tension, 

YLCA, and volume, respectively. This approach gives us the equilibrium shape of the droplet and 

consequently the ability to calculate the detachment force which is the force required to detach a droplet 

from the solid surface. 
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1.2 Droplet Interactions with Granular Coatings 

The self-cleaning properties of Lotus leaves have motivated many studies in the past decade to investigate 

the superhydrophobicity effect. Fluid interaction with a surface is affected by both the chemical 

composition and the geometrical attributes of the surface. Substrate topology can potentially alter the 

wetting behavior of the substrate of a given chemical composition [Extrand 2005; Moghadam et al. 2019]. 

Thus, it is important to study the role of substrate topology on the liquid mechanism. Surface wetting 

behavior is categorized into two categories: hydrophobic surface (contact angle above 90°) and 

hydrophilic surface (contact angle below 90°). The Superhydrophobicity is known for having contact 

angles exceeding 150° and low contact-angle hysteresis. Examples of such surfaces in nature are the lotus 

leaves and water striders. Superhydrophobic (SHP) surfaces, are known for their ability to reduce the area 

of contact between water and the solid surface. SHP coatings can be used for drag reduction [Davis and 

Lauga 2009; Aziz and Tafreshi 2018], oil-water separation [Lee et al. 2011], self-cleaning and anti-icing 

[Extrand 2011], underwater protection of electronic devices [Ganne et al. 2016], water harvesting [Park 

et al. 2013], and heat transfer [Geraldi et al. 2016] among many other applications.  

Superhydrophobic surfaces are often produced by imprinting micro- or nano-scale structures on a 

hydrophobic substrate or by chemically treating the surface of a substrate with the desired roughness as 

mentioned before [Shirtcliffe et al. 2004; Lee et al. 2008]. In addition, SHP surfaces may also be used to 

reduce the drag force on an object submerged in moving water due to its ability to entrap air [Ou and 

Rothstein 2005; McHale et al. 2009; Lee et al. 2008; Dong et al. 2013]. When the pores in an SPH surface 

are completely filled with air, the surface is considered to be in Cassie state (fully dry). If the hydrostatic 

pressure over the surface is too high, water may start penetrating into the pores compressing the entrapped 

air and finally fully wets the surface (Wenzel state) [Wenzel 1963; Cassie and Baxter 1944]. Depending 
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on surface geometry and pressure, the AWI can ingress into the space between the grooves to allow the 

Wenzel state (fully wetted), the Cassie state (fully dry), or a series of transition states in between the two 

extreme states to prevail over the surface.  

Understanding the physics of droplet deposed over rough surfaces and the dynamics of wetting behavior 

have received a significant attention for years [Yang 2010; Savita et al. 2007; Charvet et al. 2008] to study 

the stability of droplet conformations, contact angles, and droplet geometry on different microstructures. 

The wetting phenomena of droplet-on-semicircular and curved microstructures have reported [Tie et al. 

2014; Lu et al. 2015; Tie et al. 2015] on determining the droplet shape and the contact angle. But, these 

works focus on measuring the contact angle of a droplet sitting on 2D microstructures (which is different 

from the contact angle that the same liquid would form on a 3D pattern).  

Our research dedicated for modeling a droplet siting on granular protrusions in 3D pattern (that resembles 

the natural SHP surfaces) arranged over a flat surface in a uniform configuration and measure the apparent 

contact angle (ACA) of that droplet. Two fundamentally different conformations of macroscopic droplets 

has been studied (Wenzel and Cassie conformations) for different shapes of the granular microstructure 

(hemispherical or spherical particles), particles radius, particles contact angle, solid volume fraction 

(SVF), and droplet volume. 

To predict the droplet shape experimentally, the surface roughness (spherical and hemispherical particle) 

has been achieved by 3D printing. It was a challenge to get a spherical shape of the roughness by 3D 

printing. The surface was not perfectly curved. So, given the complexity of the problem, the current study 

is limited to study the effects of granular SHP coatings on the droplet shape numerically. The droplet 

transition from a fully dry state (Cassie state) to fully wet state (Wenzel state) is studied as a function to 

the roughness wavelength.  
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1.3 Overall Objective of This Thesis 

This study is intended to develop experimental and theoretical models to study droplet interactions with 

fiber in terms of interfacial forces. This information is crucially important for understanding the dynamics, 

coalescence, and migration of liquid droplets in fibrous structures. The main contribution of this study is 

expected to provide quantitative predictions for the performance of droplet-fibers system in many 

applications. Also, our study is focused on study multiphase droplets (magnetic and non-magnetic 

droplets) detaching from a fiber with different wettabilities.  

We develop experimental and theoretical methods for predicting the force required to detach a droplet 

normal from the fiber. The proposed work begins with studying the interactions between a magnetic 

droplet (ferrofluid droplet) and a fiber with different contact angle and moves on to include multiphase 

droplets of magnetic and non-magnetic droplets (e.g. ferrofluid and oil droplets) on the fiber. The effect 

of different parameters (such as the fiber diameter, fiber contact angle, relative size of fiber and droplet) 

on the force required to detach the multiphase droplet from the fiber are studied thoroughly. 

Also, we study a droplet interaction over granular surface in Cassie and Wenzel states and predicting the 

apparent contact angle of a droplet sitting on particles for different geometric parameters such as particles 

diameters, particles contact angles and solid volume fraction (SVF). We expand that work to study the 

displacement force of the droplet in Cassie state by applying horizontal force for different geometric 

parameters. 
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Chapter 2. Universal Expression for Droplet-Fiber Detachment Force 

 

2.1 Introduction 

Formulating the physics of droplet adhesion to a fiber is interesting intellectually and important 

industrially. A typical example of droplet–fiber interactions in nature is the dew formation on spider webs 

or cactus spines, where droplets first adhering to such fibrous structures when they are small, but then 

move along the fibers or detach from the fibers when they grow larger (Bai et al. 2010; Bai et al. 2012; 

Malik et al. 2016). Obviously, quantifying the force of adhesion between a droplet and a fiber is crucial 

in designing fog-harvesting media (Xu et al. 2016; Weyer et al. 2017; He et al. 2015; Seo et al. 2016; 

Xing et al. 2017), filtration media for liquid–gas or liquid–liquid separation (Contal et al. 2004; Patel and 

Chase 2014; Kampa et al. 2014; Song et al. 2014), functional textiles (Michielsen and Lee 2007; 

Kleingartner et al. 2015), and open microfluidics system among many other applications (Gilet et al. 2009; 

Michielsen et al. 2011; Weyer et al. 2015; Pan et al. 2018).  

 

Starting with the pioneering work of Carroll four decades ago (Carroll 1976; Carroll 1991), droplet 

equilibrium shape on a single fiber (i.e., symmetric barrel, asymmetric barrel, or clamshell) has been vastly 

studied by various groups (Rebouillat et al. 1999; McHale et al. 2001; McHale and Newton 2002; 

Hanumanthu and Stebe 2006; Ruiter et al. 2012; Mei et al. 2013; Eral et al. 2011). However, only a few 

studies have been focused on quantifying droplet detachment force from a fiber (Wu et al. 2010; Sahu et 

al. 2013; Davoudi et al. 2016; Mullins et al. 2007; Hotz et al. 2015; Amrei et al. 2016; Weyer et al. 2017), 

and each study has been conducted for a specific set of parameters (e.g., droplet volume, fluid surface 

tension, fiber diameter, fiber contact angle (CA)…) different from those of other studies. The study 

http://pubs.acs.org/author/Kleingartner%2C+Justin+A
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reported here is a combined experimental–computational investigation focused primarily on measuring 

the force required to detach a droplet from a fiber in a direction normal to the fiber axis (referred to here 

as droplet detachment force) for fiber–droplet systems with different dimensions or Young–Laplace 

contact angles (YLCAs), for the first time. In addition, the current chapter presents easy-to-use 

mathematical expressions that can be used to predict the force needed to detach a given droplet from an 

arbitrary fiber using existing data obtained for a fiber–droplet system with different dimensions or physical 

properties.  

The remainder of this chapter is organized as follows. Our experimental procedure and computational 

method are discussed in Sec. 2.2. Our experimental data are presented and compared with their 

computational counterparts, in Sec. 2.3. A detailed force balance analysis is given in Sec. 2.4 for forces 

acting on a droplet–fiber system. Section 2.5 presents different equations for force estimation and proposes 

a final universally applicable expression for predicting droplet detachment force from a fiber. This section 

is followed by our conclusions in Sec. 2.5. 

 

2.2 Approaches 

In this section, we outline the basics of the experimental and computational approaches considered here 

to quantify the force required to detach a droplet from a fiber. 

2.2.1 Measuring droplet detachment force 

Previous experiments on droplet detachment from a fiber were chiefly driven by either an air-flow (Sahu 

et al. 2013; Davoudi et al. 2016) or an external mechanical device like an atomic force microscope (AFM) 

cantilever (Mullins et al. 2007; Hotz et al. 2015). Our group has recently developed a simple ferrofluid-

based method to measure droplet detachment force from a fiber. This method allows for direct 
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measurement of detachment force, and it circumvents many complications that arise from using air-flow 

or an AFM cantilever. Like every other measurement methods however, the technique discussed here has 

some limitations as was discussed previously (Amrei et al. 2016). 

Figure 2.1a shows a schematic diagram of our experimental setup consisting of a fiber with a diameter of 

381 μm (Trilene XL smooth casting fishing line) mounted on a 3D printed holder placed on a Mettler 

Toledo XSE105 weight measurement scale. An Era NE-300 syringe pump was used to produce ferrofluid 

(EMG508, Ferrotech, USA) droplets with desired volumes. The droplet was then deposited gently on the 

fiber and the scale was zeroed. Droplet evaporation was minimized by using the draft shields of the balance 

and the droplets were imaged using a Nikon D3100 camera connected to a PC. A nickel-plated axially-

magnetized cylindrical permanent magnet with a diameter of 1.5 cm and a length of 3 cm (purchased from 

K&J Magnetics) was used to exert an external force on the droplets. Close attention was paid to ensure 

that the magnet and the droplet are perfectly aligned as the magnet is brought closer to the droplet–fiber 

system. As the magnet travels toward the droplet, the scale shows increasing weights, i.e., increasing 

magnetic force on the droplet (note that the long 3D printed holder prevents the magnet from affecting the 

readings of the scale), and the droplet shape changes accordingly, as shown in Fig. 2.1b. In this figure, 

Image 1 shows the droplet initially under the gravity. Images 2 and 3 show the droplet under the influence 

of higher magnetic forces, causing the triple contact-line (CL) and the apparent CA to change. More 

specifically, Image 3 corresponds to the moment when the magnetic force is strong enough to detach the 

droplet (no force increase is required form here on). At this force, the CL spontaneously shrinks until it 

reaches a minimum value before the droplet is detached as shown in Image 4, 5 and Image 6. As expected, 

a small residue will be left on the fiber as shown in Image 7.  
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Figure 2.1: Schematic of the experimental setup is shown in (a). High-speed images taken from a ferrofluid droplet 

with a volume of 3.45µL on a fiber with a radius of 𝑟 = 190.5 µm are shown in (b). The external body force is 

increased from image 1 to image 3 but then kept constant. Image 3 (marked also with a red frame) shows the final 

state of droplet equilibrium under an external force (the final equilibrium shape before the spontaneous detachment 

starts, corresponding to the largest external body force that can be applied to a droplet at equilibrium).  

 

 

The detachment scenario shown in Fig. 2.1b, is qualitatively similar to the observations reported in Ref. 

(Tadmor et al. 2017) for droplet detachment from a flat surface using a centrifugal force. At the moment 

of droplet detachment from the fiber, the scale reading reaches a peak value that is taken here as the 

detachment force. To avoid missing the force at the moment of droplet detachment, the digital display of 

the scale was video-taped during the experiment and the maximum force was obtained from the recorded 

videos. The detachment force per unit mass of the droplet was calculated as 

𝐹𝑧 = (
𝑚𝑒𝑥 

𝜌 𝑉
+ 1)𝑔                     (2.1) 

where 𝑚𝑒𝑥 is the peak value (max mass) read from the scale at the moment of detachment. In this equation, 

𝜌, 𝑉 and 𝑔 are the droplet density, droplet volume and gravity, respectively. The surface tension and 
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density of the water-based ferrofluid used in our experiments were measure to be 0.0  9 N/m and 

1050    m3 at 25 °C, respectively.  

2.2.2 Measuring fiber Young–Laplace contact angle 

Neither the material of the fiber (fishing line) used in our experiments nor its surface chemistry (e.g., 

having any sort of surface coating) was reported by the manufacturer. Therefore, we designed an 

experimental setup to determine the Young–Laplace contact angle (YLCA) of the fibers used in our 

experiments. To do so, we placed the fiber in the middle of a glass capillary tube and used the assembly 

as a fluid height-rise experiment. However, as the setup required a relatively large volume of ferrofluid 

(costly considering the required repetitions for each experiment), we conducted the experiment using DI 

water. Once the YLCA of DI water 𝜃𝑤
  with the material of the fiber was obtained, we used the following 

equation from Refs. (Good and Girifalco 1960; Sullivan 1981) to obtain the YLCA 𝜃 
 of the ferrofluid 

(knowing the surface tension of DI water 𝜎𝑤
  and that of the ferrofluid  𝜎). 

cos 𝜃 
 = −1 + (

𝜎𝑤
 

𝜎   
)
1 2

(cos 𝜃𝑤
 + 1)                                              (2.2) 

To do the experiment, the capillary tube was first brought into contact with DI water, and water was 

allowed to rise into the tube. Measuring the water height rise in the tube ℎ1, and knowing the inner 

diameter of the tube 𝑑𝑡 as well as the physical properties of the DI water, we obtained an YLCA for the 

tube using Jurin’s law (Jurin 1719),  

𝜃𝑡 = cos
−1(

ℎ1𝑑𝑡

4 𝑎2 
)                                                                (2.3) 

where 𝑎 = √𝜎𝑤 (𝜌𝑤 𝑔)⁄  is a dimensionless number called capillary length scale, and  𝜌𝑤 is density of DI 

water. Next, the fiber with the unknown YLCA was placed inside the tube (see Fig. 2.2a) and the 

experiment was repeated to obtain a new height rise value ℎ2. Writing the balance of forces acting on the 

air–water interface (AWI) inside the tube, one can obtain  
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 𝜌𝑤 𝑔 ℎ2 𝐴 = 𝜋 𝜎𝑤 (𝑑  cos 𝜃𝑤 + 𝑑𝑡 cos 𝜃𝑡)                                             (2.4) 

where 𝐴 =
𝜋

4
(𝑑𝑡
2 − 𝑑 

2) is the projected area of the annular AWI. Rearranging Eq. (2.4) to calculate fiber’s 

YLCA with water 𝜃𝑤, we obtain 

𝜃𝑤 = cos
−1(

ℎ2(𝑑𝑡
2−𝑑𝑓

2)

4 𝑎2 𝑑𝑓
 −

𝑑𝑡 cos𝜃𝑡 
𝑑𝑓
 )                                                    (2.5) 

Using Eq. (2.5), we found an YLCA of  9° for the DI water with the material of the fiber (based on an 

average vertical height rise value of about 12.7 mm with a small standard deviation over five repetitions). 

Using water YLCA in Eq. (2.2) along with the known surface tension values, we obtained an YLCA of 

𝜃 =  5° for the ferrofluid. 

 

          

 

Figure 2.2: Schematic of our height rise experiment is shown in (a) along with the capillary forces applied by the 

fiber 𝐹 
𝜎  and by the tube 𝐹𝑡

𝜎 on the air–water interface. SEM images of original and FDTS-coated fibers are shown 

in (b) with their corresponding YLCAs. Water and ferrofluid droplet profiles (under gravity) from simulation and 

experiment are compared to one another in (c) for a droplet volume of 3. 5 µL on a fiber with 𝑟 = 190.5 µm. 

Similar comparison is also given for ferrofluid droplets with different volumes 1.  μ < 𝑉 <  .9 μ  on the same 

fiber in (d).  
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As was discussed earlier in the introduction section, our main objective in this chapter is to determine the 

effects of YLCA on droplet detachment force from a fiber. Therefore, to create fibers with different 

YLCAs but identical diameters, we coated our fibers with heptadecafluoro-1,1,2,2-tetrahydrodecyl 

trichlorosilane (FDTS), which has been shown to be effective and stable in increasing the hydrophobicity 

of a polymeric surface in room temperature (Solmaz et al. 2008; Lin and Yang 2009). To do so, about 1 

m of the fishing line was curled up into a spiral shape and mounted on a small stand inside a petri dish (to 

prevent the fishing line to touch the bottom of the dish or itself). An FDTS droplet was then placed in the 

middle of the dish far from the fibers using a syringe. The lid was closed to allow FDTS to evaporate in 

the sealed environment of the petri dish and to deposit on the fiber over a given exposure time (12 hours). 

We obtained average YLCAs of about  0°, 80°, 90°,and 100° by varying the volume of the FDTS droplet 

from about 10 μ  to about 25 µL. Figure 2.2b shows SEM images of clean and coated fishing lines. Fiber’s 

YLCA with ferrofluid is also added to the figure for each case.  

 

To further refine and examine the accuracy of our YLCA measurements, we also developed an image-

based method to determine the YLCA of the fibers with ferrofluid. With the imaged-based method, we 

first deposited a droplet with a known volume and physical properties on the fiber (with the unknown 

YLCA) and imaged the droplet from a front view. We then simulated the same droplet using the Surface 

Evolver code (see the next section for details about the simulations) but considered different YLCAs for 

the fibers. We then compared images (profile and apparent CA) of the simulated droplets with those from 

experiment to obtain the YLCA of the fiber. To benchmark this method, we measured the YLCA of DI 

water with the uncoated fiber and compared it with the results we obtained from the height rise test (i.e., 

𝜃𝑤 =  9
°). As can be seen in Fig. 2.2c, the image-based method resulted in an average YLCA of  8° 

between DI water and the fiber, which is within 2% margin of error relative to the height rise method.  

Likewise, ferrofluid droplets with different volumes 1.  μ ≤ 𝑉 ≤  .9 μ  were placed on the same fiber 
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under the gravity, and their images were compared to those obtained from their corresponding simulations 

with fibers of different YLCAs. A YLCA of 𝜃    5°was found for the ferrofluid regardless of the volume 

of the droplet considered for the experiment/simulation (see Fig. 2.2d).   

2.2.3 Modeling droplet shape under an external body force 

Numerical simulation is considered in our work to complement our experimental observations by 

providing detailed information with regard to the interplay between the forces acting on a droplet as it 

detaches from a fiber. Our simulations are conducted using the finite element Surface Evolver (SE) code 

(Brakke 1992), after the fiber–droplet system is properly defined for the solver. SE minimizes the total 

energy of the droplet–fiber system toward the equilibrium droplet shape (Bedarkar and Wu 2009). Our 

simulations start by placing a cubical body of fluid with a given volume on the fiber and allowing it to 

evolve to reach a 3D shape expected from the droplet at equilibrium (see Refs. (Amrei et al. 2017; Aziz 

et al. 2017; Venkateshan and Tafreshi 2018)). An external body force is then applied to the droplet in a 

direction normal to the fiber, and the force magnitude is incrementally increased until no equilibrium 

shape can be found for the droplet. The maximum force for which an equilibrium state for the droplet was 

obtained is considered as the detachment force in our study.     

2.3 Experiment–Simulation Comparison 

Fibers with different YLCAs ranging   5° ≤ 𝜃  ≤ 100°, but a fixed radius of 𝑟 = 190.5 μm were prepared 

according to the procedure described in Sec. 2.2 and used here to study the effects of fiber YLCA on 

droplet detachment force. Figure 2.3a shows our experimental and computational detachment force per 

unit mass of the droplet versus droplet volume 𝑉, non-dimensionalized using fiber radius 𝑟 cube. Each 

experiment was repeated multiple times to reduce the error associated with the experiment, and the results 

were averaged to obtain a representative detachment force.    
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Figure 2.3:   Droplet detachment forces from experiment and simulation are compared with each other in (a) for 

different droplet volumes on fibers with a fixed radius of 190.5 μm but different YLCAs. Detachment forces at 

different YLCAs are compared to that at 𝜃 = 90° and presented in relative percent change in (b) for better 

comparison. 

 

Despite the expected imperfections in the experiments (e.g., possible non-uniformity of the coating, errors 

in producing droplets with the small desired volume, the scale sensing and displaying the detachment 

force at the exact moment of detachment…), the predicted and measured detachment forces are in good 

agreement. It can be seen in this figure that the detachment force per unit mass of droplet decreases as 

droplet volume or YLCA increases. In other words, it is easier to detach a droplet from a fiber when the 

droplet is large or when the fiber is more phobic, as expected. We plotted the change in the droplet 

detachment force for all YLCAs relative to the case with 𝜃   90°in Fig. 2.3b. It can be seen that effects 

of YLCA does not diminish with increasing the droplet size (note that the simulation and experiment 

results for 𝜃   90° are above each other as the results are plotted relative to the case with 𝜃   90°). Note 

that, for droplet 
𝑉

𝑟3
= 1000, and 𝜃   100°, gravity is enough to detach the droplet, and so no experimental 

data are included in Fig. 2.3 for this case. 
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2.4 Force Balance Analysis 

In this section, we present a detailed analysis of the forces acting on a droplet deposited on a fiber. For 

such a droplet, we define the local apparent CA 𝜃𝑖
𝑎𝑝𝑝

as the angle between the tangent to the droplet along 

the droplet–fiber CL and the horizontal plane. Figure 2.4a shows the apparent CA at the two extreme 

positions: longitudinal 𝜃𝐿
𝑎𝑝𝑝

(viewed from a direction parallel to the fiber) and transverse 𝜃𝑇
𝑎𝑝𝑝

(viewed 

from a direction normal to the fiber). The transverse and longitudinal apparent CAs at the moment of 

detachment (critical transverse and longitudinal apparent CAs) are shown in Fig. 2.4b, for a droplet with 

a volume ratio of 1000 and a fiber radius of 190.5 µm but with two different YLCAs of  5° and 90°.   

 

Figure 2.4c shows the local critical apparent CAs (at the detachment moment) along the entire length of 

the CL for a droplet with a volume ratio of 1000 and a fiber radius of 190.5 µm and a YLCA ranging from 

 5° to 100°. It can be seen that apparent CA varies along the CL from a minimum value corresponding to 

𝜃𝑇
𝑎𝑝𝑝

 to a maximum value corresponding to 𝜃𝐿
𝑎𝑝𝑝

. Moreover, critical apparent CA is larger for fibers with 

larger YLCAs. To also study the effects of droplet volume, critical apparent CAs are compared for two 

droplets with different volumes ratio of  50 and 1000 in Fig. 2.4d (detachment forces are reported in the 

insets). Larger critical apparent CAs can be seen for the larger droplet (heavier droplets hang lower). In 

these figures, L is the total length of the CL for a clamshell droplet and 𝐿𝑖 is the local position in the y-

direction measured from the left corner in a transvers view of the droplet (red dot of the inset in Fig. 2.4c). 

Recognizing the fact that measuring the local droplet apparent CA on a fiber 𝜃𝑖
𝑎𝑝𝑝

is an experimental 

challenge, here we propose an easy-to-use expression to obtain an approximate average value for the 

apparent CA of a droplet on a fiber,  

𝜃𝑎𝑣𝑔
𝑎𝑝𝑝 =

1

3
𝜃𝑇
𝑎𝑝𝑝 +

2

3
𝜃𝐿
𝑎𝑝𝑝

                                                        (2.6) 
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This expression is proposed based on the trend of variation of 𝜃𝑖
𝑎𝑝𝑝

 along the CL as shown in Figs. 2.4c 

and 2.4d. Predictions of this expression are also added to Fig. 2.4c (the solid lines) for 𝜃 =  5° and 𝜃 =

90°, and they are in very good agreement with 𝜃𝑎𝑣𝑔
𝑎𝑝𝑝

 calculated directly from the simulations (dashed 

lines).  

 

Figure 2.4: Longitudinal 𝜃𝐿
𝑎𝑝𝑝
  and transverse 𝜃𝑇

𝑎𝑝𝑝
 apparent contact angles are shown in (a) for a droplet with a 

volume ratio of 
𝑉

𝑟3
= 1000 on a fiber with a radius of 𝑟 =190.5 μm and a YLCA of  𝜃 = 30° at its final equilibrium 

state (under a detachment force of 𝐹𝑧 =   .5     ). Comparisons between experimental and computational droplet 

profiles (apparent contact angle when possible) are given in (b) for the same droplet deposited on fibers with 

different YLCAs of 𝜃 =  5° and 90°. Variation of the local apparent contact angle 𝜃𝑖
𝑎𝑝𝑝

 along the droplet contact 

line at the detachment moment is shown in (c) for different YLCAs. Average apparent contact angles 𝜃𝑎𝑣𝑔
𝑎𝑝𝑝

 from 

the simulation and Eq. (2.6) are also added for comparison. Variation of the local apparent contact angle 𝜃𝑖
𝑎𝑝𝑝

is 

also shown in (d) for droplets with different volumes on a fiber with a YLCA of  𝜃 = 90° at the moment of 

detachment. 
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For a liquid droplet to remain on a fiber, it must be in a mechanical equilibrium state. Considering a free 

body diagram for the droplet (see Figs. 2.5a and 2.5b), the upward component of the capillary force 𝑓𝜎
⊥ 

(N) along the CL should balance the external body force on the droplet 𝑓𝑧 (N) plus the downward 

component of the surface reaction force to the droplet pressure (exerted on the fiber wetted area) 𝑓𝑝 (N). 

In other words,  

𝑓𝑧 = 𝑓𝜎
⊥ − 𝑓𝑝 = ∫ 𝜎 cos 𝛼 𝑑𝐿

 

𝐿
− 𝑓𝑝                                                  (2.7) 

where 𝛼 is the local angle between the tangent to the droplet’s surface at the CL and the vertical reference 

plane along the fiber. The vertical pressure force acting on fiber’s wetted area can be calculated as  

 

𝑓𝑝=∫ 𝑥
 

𝐿 
(𝑝𝑜 − 𝜌 𝐹𝑧 𝑧)𝑑𝑦                                                          (2.8) 

where 𝑝𝑜 is the pressure inside the droplet at z = 0 and  𝜌 𝐹𝑧 𝑧 is the change in pressure due to the body 

force per unit mass 𝐹𝑧  at a height z (z is the coordinate of the points on the CL, and the body force is a 

downward force). Note that the second term in the integrand would become zero if the CL was planar, 

like the case of a droplet on a flat surface. In the above calculations, the length of the CL 𝐿 is obtained 

from the simulations, but, it can also be estimated using Eq. (2.9), assuming an elliptical shape for the CL, 

i.e.,  

 𝐿𝑒 =  𝜋 √
(𝛽 𝑟)2+(𝑙𝑓 2)

2

2
                                               (2.9)  

In this equation, 𝛽 (in radian) is the azimuthal angle between the negative vertical axis and the top of the 

CL on the fiber and 𝑙  is the transverse projection of the wetted length of the fiber on its lower side (see 

the inset of Fig. 2.5c). Figure 2.5c, compares the actual length of the CL with the estimation obtained 

using Eq. (2.9) for droplets with two different volumes. 
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Figure 2.5: Free body diagrams are given in (a) and (b) for a droplet on a fiber at the equilibrium. The upward 

component of capillary force 𝐹𝜎
⊥ along the contact line should balance the external body force on the droplet 𝐹𝑧 as 

well as the downward component of the surface reaction force to the droplet pressure 𝐹𝑝 (exerted on the fiber’s 

wetted area). In these figures  
𝑉

𝑟3
= 500,  𝑟 = 190.5 μm, 𝜃 = 30°, and 𝐹𝑧 =  0     , Contact line total length is 

obtained from simulations and Eq. 2.9 and compared with one another in (c) for different droplet volumes. Fiber’s 

wetted length 𝑙 and azimuthal angle 𝛽 and are shown in the inset figure. 

 

For the simulations reported here, special attention was paid to ensure that the numerical results are mesh-

independent, as predicted capillary forces may depend mesh density around the CL if a coarse mesh is 

used. One should also ensure that predicted capillary forces balance the pressure forces in the absence of 

a body force on the droplet. This was done by varying the mesh density along the CL and monitoring its 

impact on the results for each simulation.  

To further investigate the effects of YLCA on droplet behavior, we compare capillary force and pressure 

force (both per unit mass of droplet) exerted on a droplet in Fig. 2.6a for two droplets with different 

volumes (shown with red and blue lines for 
𝑉

𝑟3
=  50 and 

𝑉

𝑟3
=1000, respectively). The external force 

acting on the droplet is the gravity (9.81 N/kg). It can also be seen that, capillary force 𝐹𝜎
⊥ (N/kg) is larger 

than the body force (the black dashed line). However, when the pressure force 𝐹𝑝
   (N/kg) is subtracted 

from the capillary force 𝐹𝜎
⊥, the resultant force is almost equal to the body force. This clearly highlights 
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the importance of including pressure force in calculating the force of detachment (see also Refs. (Chen et 

al. 2013; Ataei et al. 2017).  Figure 2.6b compares the capillary force, pressure force, and the detachment 

force for the same droplets discussed previously in Fig. 2.6a but at their own detachment moments. More 

interestingly, it can be seen that there exist some small differences between 𝐹𝜎
⊥ − 𝐹𝑝 and the detachment 

force 𝐹𝑧 (besides numerical errors), and the differences decrease with increasing YLCA. This is because 

at low YLCAs, a detaching droplet breaks up into two volumes during the detachment process (leaving a 

small residue on the fibers, see Ref. (Aziz et al. 2018) for more details). This is in contrast to detachment 

from a hydrophobic fiber where no significant residue will be left (Aziz et al. 2018). In other words, when 

𝐹𝜎
⊥ − 𝐹𝑝 (with 𝐹𝜎

⊥ calculated at the CL and 𝐹𝑝 calculated on the fiber wetted area) is greater than the 

cohesive forces holding the droplet together, it is impossible to detach the droplet from the fiber without 

leaving a residue behind. Formation of a neck (a minimum cross-sectional area along the z-direction) 

during detachment process is expected from a droplet that leaves a residue behind [Aziz et al. 2018]. 

Recalculating 𝐹𝜎
⊥ − 𝐹𝑝 based on the perimeter and cross-sectional area of the neck shows perfect 

agreement with the detachment force. Figure 2.6c shows the length of droplet CL on the fiber and the 

average angle between the capillary force and the vertical direction (averaged over CL) 𝛼𝑎𝑣𝑔
  at the 

detachment moment. It can be seen that CL length and 𝛼𝑎𝑣𝑔
  are greater for the larger droplet. It is also 

interesting to note that by increasing YLCA, 𝛼𝑎𝑣𝑔
  first decreases slightly and then increases unlike CL 

which decreases monotonically (e.g., see Ref. (Carroll 1991)).  The minimum point in the 𝛼𝑎𝑣𝑔
  curve 

versus YLCA corresponds to the YLCA above which no neck formation is observed (forces balancing the 

external body force are at the droplet–fiber contact area rather the neck). Formation of a neck can be seen 

more clearly in Fig. 2.6d, where droplet maximum diameter  𝑑, neck’s major axis (neck cross-section is 

elliptical) 𝑎𝑛, and fiber’s wetted length 𝑙  are compared to one another. It can be seen at the moment of 

detachment that 𝑎𝑛 and 𝑙  decrease with increasing YLCA while droplet maximum diameter  𝑑 remains 
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unchanged (independent of YLCA). Detachment occurs from the neck when 𝑎𝑛 < 𝑙  and from the fiber 

when 𝑎𝑛=𝑙 .  

 

 

Figure 2.6: Vertical component of the capillary force 𝐹𝜎
⊥ is shown for a droplet under the influence of gravity 𝐹𝑧 =

9.81      on fibers with different YLCAs in (a). 𝐹𝜎
⊥ − 𝐹𝑝 ≌ 9.81      is also added to the figure for comparison. 

The red and blue lines correspond to 
𝑉

𝑟3
=  50 and 1000, respectively (the droplet with 

𝑉

𝑟3
= 1000 cannot stay on 

the fiber with 𝜃  = 100° under gravity). The figure in (b) shows similar results but for the detachment moment (i.e., 

different detachment force 𝐹𝑧 for different YLCAs). Contact line length 𝐿 and  𝛼𝑎𝑣𝑔
  for droplets on fibers with 

different YLCAs at the detachment moment are shown in (c). Note the YLCA above which no measureable neck 

formation is expected from the detaching droplet.  The droplet maximum diameter  𝑑 , neck’s major axis 𝑎𝑛 

(assuming elliptical neck cross-sections), and fiber’s wetted length 𝑙  are compared to one another in (d) as a 

function YLCA at the detachment moment.  
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The decrease in the detachment force with increasing YLCA (Fig. 2.6b) can also be explained using the 

data given in Figs. 2.6b and 2.6c. Consider Eq. 2.7 where detachment force is given as a function of 

pressure force 𝑓𝑝, the angle 𝛼, and contact line length 𝐿. It can be seen in these figures that 𝐹𝑝 and 𝛼 do 

not vary significantly with YLCA, but 𝐿 decreases rapidly with increasing YLCA. Therefore, according 

to Eq. 2.7, one can expect the detachment force to decrease with increasing fiber’s YLCA. 

 

2.5 Predictive Correlations for Droplet Detachment Force 

While studying droplet detachment from a flat surface is not the focus of the work presented here, such 

studies can be insightful in understanding the fundamental physics of droplet detachment from a fiber. In 

a recent study, (Tadmor et al. 2017), reported on droplet detachment from a flat surface mounted on a 

rotating tilted surface referred to as centrifugal adhesion balance (CAB) (see also Ref. (Tadmor et al. 

2009)). Tadmor (Tadmor et al. 2017) used the Young–Dupré equation to relate the droplet detachment 

force to droplet CA and CL length at its final equilibrium state (the same state as has been considered in 

our simulations here or in our past work (Amrei et al. 2016; Amrei et al. 2017)). The Young–Dupré 

equation is given as   

𝑓𝑌−𝐷 = 𝑝𝑇 𝜎 (1 + cos 𝜃)                        (2.10) 

where 𝑝𝑇 denotes droplet perimeter (i.e., CL length 𝐿 in the current chapter) at the moment of detachment 

(see also Ref. (Bormashenko and Bormashenko 2013)). Using detachment force from their CAB 

experiment in Eq. 2.10, (Tadmor et al. 2017) obtained an angle close to the advancing CA for the surface 

on which the droplet was deposited. Obviously, obtaining the advancing CA for a receding CL was not 

expected, but (Tadmor et al. 2017) presented a justification for this observation on the basis of other 

studies in the literature (also see Ref. (Bormashenko 2013) for a discussion about using advancing CA in 
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the Young–Dupré equation). Most recently, an alternative relationship between detachment force and 

droplet CA has been derived by (Extrand 2017), as 

𝑓𝑅𝑒𝑐 = 𝑝𝑇 𝜎 cos 𝜃
𝑅                                                    (2.11) 

where 𝜃𝑅 is the droplet receding CA. Extrand obtained this angle by equating the detachment force from 

the CAB experiment (normal to the surface) to the lateral surface force that anchors the perimeter of the 

drop to the solid surface (in the plane of the surface), but he did not include the pressure force (Eq. 2.8) in 

his calculations (Extrand 2017). Moving forward to the problem of droplet detachment from a fiber, we 

start with Eq. 2.10. To use this equation for detachment force prediction, one needs an appropriate CA 

and an appropriate characteristic length (e.g., CL length). In Table 1, we present predictions of droplet 

detachment force from a fiber using different combinations of these two parameters. In this table, L is the 

total length of the CL for a clamshell droplet on the fiber and  𝐿𝑝𝑟𝑜𝑗 is its projection onto a horizontal 

plane (normal to the direction of the external force). 𝜃𝑎𝑣𝑔
𝑎𝑝𝑝

 is the average apparent CA (from Eq. 2.6), and 

 𝑑 is the droplet maximum diameter at the moment of detachment (see Fig. 2.6d).  

Table 2.1: Droplet detachment force 𝑓𝑧 in (μN) for a droplet with a volume of  
𝑉

𝑟3
= 1000 deposited on a fiber with 

a radius of 𝑟 = 190.5 μm is approximated using different expressions for different YLCAs, and compared with our 

experimental and computational results. Matching data are highlighted in grey. 

 

10° 50°  0° 80° 100° 1 0°

 𝑓𝑧 from experiment NA NA      91  .  NA NA

 𝑓𝑧 from simulation       109       

𝑓𝑧 = 𝜎 𝐿 (1+ cos𝜃) 708 444 325 251 144 66

𝑓𝑧 = 𝜎 𝐿𝑝𝑟𝑜𝑗 (1 + cos𝜃)   0 429 317 245 141 65

𝑓𝑧 = 𝜎 𝐿𝑝𝑟𝑜𝑗 (1 + cos𝜃𝑎𝑣𝑔
𝑎𝑝𝑝) 237 125 80 64 38 16

𝑓𝑧 =  𝜎  𝑑 (1+ cos𝜃𝑎𝑣𝑔
𝑎𝑝𝑝)        102       

𝑓𝑧 = 𝐿𝑒 𝜎     𝜃𝑎𝑣𝑔
𝑎𝑝𝑝− 𝐴𝑒  

 𝜎

0.5 𝑙 + 𝑟

Neck Neck 112 98 68 38

𝑓𝑧 (μN)

YLCA,  𝜃
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It can be seen in Table 1 that only two of these expressions can predict the detachment force relatively 

accurately. The first equation (Eq. 2.12) is a simplified form of Eq. (2.7), i.e.,   

𝑓𝑧 = 𝜎 𝐿𝑒 sin 𝜃𝑎𝑣𝑔
𝑎𝑝𝑝 − 𝐴𝑒 (

2𝜎

 𝑟 +  .5 𝑙𝑓 
)                                               (2.12) 

where 𝐴𝑒 =
𝜋

2
𝛽 𝑟 𝑙   is the projected wetted area and 𝛽 (in radian) is the azimuthal angle (see Fig. 2.5c). 

Note that we propose Eq. 2.12 only for when a droplet detaches from a fiber without exhibiting a major 

neck formation. It is worth mentioning that, Eq. 2.12 may also be used to estimate droplet detachment 

force from a flat surface like those reported by Tadmor (Tadmor et al. 2017) as long as the detachment is 

without a neck formation. For instance, for a water droplet (𝜎 = 0.0     m) with a CL radius of 𝑅 =

0.   mm on a hydrophobic microporous layers polytetrafluoroethylene (MPL-PTFE) surface, we 

obtained a detachment force of 𝑓𝑧 =    μ  in good agreement with the measurements reported in Ref. 

(Tadmor et al. 2017) when assuming 𝜃𝑎𝑣𝑔
𝑎𝑝𝑝  1 0°and using  𝑅 instead of 𝑟 + 0.5 𝑙   (circular wetted 

area).  

Our second proposed equation is Eq. 2.13, which uses  𝑑 as the characteristic length for its independence 

from YLCA and 𝜃𝑎𝑣𝑔
𝑎𝑝𝑝

 (see Fig. 2.6d). 

𝑓𝑧 =  𝜎  𝑑  (1 + cos 𝜃𝑎𝑣𝑔
𝑎𝑝𝑝)                                                  (2.13)  

Despite their good predictions, Eqs. (2.12) and (2.13) require parameters that can only be obtained by 

conducting a droplet detachment experiment to image the droplet right before detachment (to obtain 𝜃𝑎𝑣𝑔
𝑎𝑝𝑝

, 

𝛽, 𝑙 , and  𝑑). In this concern, we combined Eq. (2.10) (proposed in Ref. (Tadmor et al. 2017)) with the 

expression developed in our previous work (Amrei et al. 2016; Amrei et al. 2017) for droplet detachment 

from fibers with different diameters or YLCAs to develop an equation for detachment force prediction, 

i.e.,   
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𝐹𝑧,2 = (
𝑟1

𝑟2
)
2 1+cos𝜃2

1+cos𝜃1
 𝐹𝑧,1                                        (2.14) 

With this equation one can predict the force needed to detach a droplet from an arbitrary fiber using the 

detachment force data  𝐹𝑧,1 obtained previously for a fiber–droplet combination with different dimensions 

and/or YLCA, but identical Bond numbers (𝐵𝑂 =
𝜌 𝑔 𝑟2

𝜎
, the ratio of the body forces to the capillary forces 

acting on a droplet). According to Eq. (2.14), going from droplet–fiber combination 1 to droplet–fiber 

combination 2, detachment force scales by a factor of (
𝑟1

𝑟2
)
2 1+cos𝜃2

1+cos𝜃1
.  

To examine the accuracy of this equation, we first measured the force needed to detach ferrofluid droplets 

of various volumes from a fiber with a radius of 𝑟1 =    .  μm and an YLCA of 𝜃1 =  5
° (red circles in 

Fig. 2.7a). We then used the experimental (or computational) data obtained for droplet detachment from 

a fiber with a radius 𝑟2 = 190.5 μm and an YLCA of 𝜃2 =  5
° (from Fig. 2.3a) and scaled them using 

Eq. 2.14. The scaled detachment forces are added to Fig. 2.7a (black squares), and they show excellent 

agreement with the forces obtained via direct measurement. We also repeated this exercise for 𝜃2 = 100
° 

(blue triangles) for further examination and obtained perfect predictions as can be seen in Fig. 2.7a. 

Examples of droplet profiles under the gravity and at the moment of detachment for 
𝑉

𝑟3
=  50 are given 

in Fig. 2.7b to better illustrate the differences between the size and wetting properties of the droplet–fiber 

combinations considered in this figure.  
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Figure 2.7: Detachment force obtained from 

experiment for droplets with different volumes on 

a fiber with a radius of 𝑟 =    .  μm and a 

YLCA of 𝜃    5° are shown with red circles in 

(a). Blue squares and black triangles are 

experimental data obtained for droplets on a fiber 

with a radius of 𝑟 = 190.5 μm and YLCAs of 

𝜃  =  5° and 100°, respectively (Figure 2.3(a)), 

but they are scaled using Eq. (2.14) to predict the 

forces shown with red circles. The above droplet–

fiber systems for 
𝑉

𝑟3
=  50 shown in (b) to better 

illustrate that the data shown with blue and black 

symbols where obtained from experiments 

conducted with droplet–fiber systems very 

different from the one used to produce the red 

symbols. Additional comparison is shown in (c) 

between experimental results and the prediction 

of Eqs. (2.12), (2.13) and (2.15) for 𝜃  = 80° and 

𝑟 = 190.5 μm (green symbols) and for 𝜃  =  5° 
and 𝑟 =    .  μm (pink symbols). Note that for 

𝜃  =  5° and 𝑟 =    .  μm droplet detachment 

involves neck formation and so Eq. (2.12) is not 

used for this case. 
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To further expand the usability of Eq. (2.14), we fitted a power-law equation (𝐹𝑧,𝑟𝑒 = 𝜑 (
𝑉

𝑟𝑟𝑒𝑓
3 )

𝜉

 with 𝜑 =

3,89      , and 𝜉 = −0.8 ) to our experimental data obtained for the case of 𝜃𝑟𝑒 = 90
° and 𝑟𝑟𝑒 =

190.5 × 10−6m (from Fig. 2.3a) and used the resulting expression in Eq. (2.14) as,  

 

𝐹𝑧 = (
𝑟ref

𝑟
)
2 𝜎

𝜎𝑟𝑒𝑓

𝜌𝑟𝑒𝑓

𝜌 
(1 + cos 𝜃) 𝜑 (

𝑉

𝑟3
 )
𝜉

                                       (2.15) 

 

where 𝜎𝑟𝑒 = 0.0  9   m N/m and 𝜌𝑟𝑒 = 1050    m
3 (all variables are in SI units). Figure 2.7c 

compares our experimental droplet detachment force from fibers with two different radii of 𝑟 =    .  μm 

and 𝑟 =190.5 µm having YLCAs of 𝜃 =  5°and 𝜃 = 80°, respectively, with predictions of Eqs. (2.12), 

(2.13), and (2.15) (Eq. (2.12) is only used for when droplet detachment occurs from a fiber without a 

major neck formation). Excellent agreement can again be observed between the predictions of these 

equations and the actual experimental data.  

 

To further examine the accuracy of Eq. 2.15 for range of parameters outside those investigated 

experimentally, we conducted a series of numerical simulations for droplet detachment from fibers as 

small as 10 µm or as large as 1000 µm in radius. We considered silicone oil with a density of 𝜌𝑠𝑜 =

9 0    m3 and a surface tension of 𝜎𝑠𝑜 = 0.0    m as the fluid and varied the YLCA of the fiber from 

10 to 160 degrees. As shown in Fig. 2.8, good agreement can be seen between the predictions of Eq. 2.15 

and the results of numerical simulation for  0° ≤ 𝜃. Droplet size for the simulations reported in this figure 

is 
𝑉

𝑟3
=  50 and 

𝑉

𝑟3
= 1000, for the fiber with the radius of 1000 µm and radius of 10 µm, respectively. 

Equation 2.15 has also shown perfect agreement with simulation results for droplet volumes different from 

those considered here.  
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Figure 2.8: Comparison between simulation results and prediction of Eq. 2.15 for detachment force obtained for 

silicone oil droplets with a density 𝜌 = 9 0    m3 and a surface tension 𝜎 = 0.0    m from fibers with different 

radii of 10 µm and 1000 µm. The red and blue lines correspond to 
𝑉

𝑟3
=  50 and 1000, respectively. 

 

 

We also considered experimental data reported in the literature (although they are very scarce) to provide 

additional comparison. The work of (Tian et al. 2011) reported a detachment force of is 9.8      (i.e., 

gravity) for water droplets with a volume of 𝑉 = 1.95  0.1  μ  deposited on a nylon fiber with 𝑟 =

9 μm. Using the above information in Eq. (2.15), one can obtain a detachment force in close agreement 

with the reported data in Ref. (Tian et al. 2011) assuming a YLCA of 𝜃 =  0° (no YLCA was reported in 

Ref. (Tian et al. 2011)). Equation (2.15) also provides good predictions for the experimental data reported 

by Ref. (Mullins et al. 2007) for oil droplet detachment from fibers made of different materials, but only 

after assuming a reasonable YLCA for the fibers used in their experiments (no YLCA was reported in 

Ref. (Mullins et al. 2007)).  
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2.6 Conclusions 

Experiment and numerical simulation were conducted to study the effects of fiber diameter, fiber YLCA, 

and droplet properties on the force required to detach a droplet from a fiber. Experiment and simulation 

in good mutual agreement quantified the increase of droplet detachment force for any incremental decrease 

in YLCA in the range YLCAs considered  5° < 𝜃 < 100° (see Fig. 2.3a).  

 

Considering a free body diagram for a droplet at its final equilibrium state under an external force on a 

fiber, it was found that droplet pressure plays an important role in the balance of forces acting on the 

droplet. It was also found that average apparent CA of the droplet 𝜃𝑎𝑣𝑔
𝑎𝑝𝑝

 is an important geometric 

parameter that can be used in predicting droplet’s force of detachment. As this angle is hard to measure 

experimentally, an approximate but yet relatively accurate equation in terms of longitudinal and transverse 

apparent CAs (Eq. 2.6) is proposed to be used along with another approximate equation for the shape of 

the CL (Eq. 2.9) in estimating droplet detachment force (see Eq. 2.12). Varying YLCA for a given droplet–

fiber system, it was found that there exists a YLCA above which detachment occurs before a measurable 

neck is observed in the droplet profile (see Fig. 2.6d). Unlike CL or wetted length 𝑙 , droplet maximum 

diameter at the moment of detachment  𝑑 was found to be independent of YLCA, and so it can be used 

in characterize the detachment force (see Eq. 2.13). 

 

We proposed and examined the accuracy of a series of ad-hoc expressions relating droplet detachment 

force to its geometrical dimensions (obtained from imaging or simulating the droplet at its final 

equilibrium state before spontaneous detachment). Two expressions were found to be fairly accurate (Eqs. 

2.12 and 2.13). To circumvent the need for conducting an experiment or running a computer simulation 

to obtain these geometric dimensions, we developed a mathematical relationship that uses an existing set 
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of detachment force data, obtained for an arbitrary droplet–fiber system, to predict the force of detachment 

for the droplet–fiber system at hand. To further facilitate the use of the above relationship, we used our 

own data to create a simple correlation for detachment force. This semi-empirical correlation (see Eq. 

2.15) can be used for droplet detachment force prediction without the need for running an experiment or 

a computer simulation for YLCAs greater than about  0°. 
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Chapter 3. Simple Method for Measuring Intrinsic Contact Angle of a Fiber with 

Liquids 

 

3.1 Introduction 

Wettability is a measure of a surface tendency to remain in contact with a liquid, and it is often 

characterized using the Young–Laplace contact angle (YLCA), obtained by placing a small droplet on the 

surface and measuring the angle between the tangent to the droplet at the solid–liquid–air contact line 

(CL) and the surface (Tavana and Neumann 2007; Quere 2008; Bormashenko 2017). The two main 

methods commonly used for YLCA measurement (also referred to as the intrinsic contact angle of the 

surface) are the sessile-drop method and the Wilhelmy force method. For the sessile-droplet method, a 

small liquid droplet is placed on the substrate and the YLCA is either measured, between the base of the 

droplet and the tangent to the droplet surface at the CL, or calculated, from the sessile drop profile (Drelich 

2013; Kalantarian et al. 2009; Bracco and Holst 2013). For the Wilhelmy method, the force needed to pull 

a partially-submerged vertical flat plate out of the liquid is measured and used to estimate the YLCA of 

the plate.  

 

The ability to measure the YLCA of the material from which a fiber is made has significant value for 

many industrial applications such as fog harvesting (Seo et al. 2016; Shi et al. 2018), droplet–gas or 

droplet–liquid separation (Kampa et al. 2014; Sahu et al. 2013; Wurster et al.2015; Patel and Chase 2014;  

Wei et al. 2019), textiles/clothing (Michielsen  and Lee  2007; Chen et al. 2010), microfluidics (Reznik 

et al. 2007; Weyer et al. 2015), and fuel cells (Gurau et al. 2006; Gauthier et al.2012), among many others. 

Applying the methods developed originally for flat plates, the YLCA of a fiber has also been measured 

using the Wilhelmy method and a modified version of the sessile-droplet method. Applying the Wilhelmy 
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method to a single fiber requires measuring the minute wetting forces exerted by a liquid on a partially 

submersed single fiber (Wu 1982; Tsai et al. 2014; Pucci et al. 2015; Hansen et al. 2017). The method 

therefore, requires quantitative information about the exact length and shape of the CL around the fiber, 

which is hard to obtain especially when the fiber is not perfectly cylindrical. Moreover, this method 

requires very sensitive equipment to measure the wetting force exerted on a minute fiber by a liquid. To 

apply the sessile-droplet method to a fiber, a small droplet is placed on a horizontal fiber and is imaged 

from the side view. The droplet should be very small so that it conforms to the shape of an axisymmetric 

barrel on the fiber (negligible gravitational effect). Since it is hard to locate the position of the CL on a 

small hydrophilic fiber (and thereby measure the contact angle (CA)), it has been proposed to obtain the 

inflection point of the barrel-shaped profile via image processing, and used that to geometrically predict 

the YLCA of the fiber (McHale et al. 1997; McHale et al. 1999; Rebouillat et al. 1999; McHale et al. 

2001; Davoudi et al. 2018). This method obviously, requires the droplet to be very small (or it will not 

form an axisymmetric barrel-shaped profile) and the fiber to be hydrophilic. It is worth mentioning that 

the YLCA of a cylindrical (i.e., fiber) or a spherical surface can also be obtained by imaging a droplet 

simply placed on top of the curved surface, but as long as the surface is hydrophobic and the droplet is 

small enough to be considered weightless (Extrand and Moon 2008; Guilizzoni 2011; Viswanadam and 

Chase 2012; Lu et al. 2016).  

 

Most recently, a new method to measure droplet CA on a hydrophilic (YLCA < 90°) fiber has been 

proposed (Schellbach et al. 2016).  For this method, a droplet is deposited on two horizontal parallel fibers, 

and the CA of the fibers is obtained from the shape of the liquid column formed between the hydrophilic 

fibers (the droplet should be small so that it does not hang below the fibers). As will be discussed later, 

the method of (Schellbach et al. 2016) is used in the current study for comparison whenever possible.  
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The underlying hypothesis for the fiber CA measurement method proposed in this study is that the fiber 

YLCA can directly be measured if the droplet is imaged from the longitudinal view, as opposed to the 

commonly-used transverse view (side view) as can be seen in Figure 3.1. This requires the droplet to be 

in the clamshell (hanging) conformation so that a CL is formed on the curved sides of the fiber. Working 

with a clamshell droplet alleviates the need for the droplet volume to be small, as the clamshell profile is 

promoted by the gravitational force (as opposed to being prevented like in the case of barrel-shaped 

droplets). The larger clamshell droplets are also easier to produce and easier to place on a fiber (Chou et 

al. 2011; Eral et al. 2011; Mei et al. 2013; Funk et al. 2014).  

 

 

 

Figure 3.1: Droplet contact angle on a fiber from the longitudinal and transverse directions in (a) and (b), 

respectively. 

 

In the remainder of this chapter, we first describe our YLCA measurement method in Section 3.2. We 

then present a few droplet–fiber combinations for which the YLCA was measured and compared with 

those obtained using established methods from the literature in Section 3.3. The conclusions drawn from 

the work are given in Section 3.4. 

 

 

  
 

  
 

a) b) 
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3.2 Measuring YLCA of a Fiber 

 
Figure 3.2a shows our experimental setup consisting primarily of a fiber mounted on a 3-D printed holder, 

an Era NE-300 syringe pump (to produce liquid droplets of desired volumes), and a digital camera 

(Phantom Miro LAB/ LC/R series). While the proposed method can be used for any arbitrary fluid, we 

considered a aqueous ferrofluid (from EMG508, Ferrotech, USA) for most of our experiments to also 

examine the accuracy of our method when the droplet was affected by an external force larger than the 

gravity. The surface tension and density of the ferrofluid used in our experiments were measured to be 

0.0  9 N/m and 1050    m3 at 25 °C, respectively. The experiment starts by first washing the fiber with 

isopropyl alcohol and then allowing it to dry for a couple of hours. Using the syringe pump, a small droplet 

was then gently deposited on the fiber and its volume was increased gradually until a hanging clamshell 

droplet was obtained. Each experiment was repeated multiple times, and the results were averaged.  

 

 

Figure 3.2: Our experimental setup is shown in (a). The droplet–fiber mounting system is shown in (b). An SEM 

image of the fiber’s smooth surface is shown in (c). 

Droplet

Fiber
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For the fiber YLCA (intrinsic CA) measurement method proposed in this study, the droplet should be 

large enough to exhibit a clamshell (hanging) profile on the fiber but obviously small enough to remain 

on the fiber under the influence of gravity. The droplets were imaged from transvers (optional) and 

longitudinal (required) views. For the latter, the fiber was mounted in a cantilever-like position (one end 

fixed but the other end free (see Fig. 3.2b)) with the camera facing the fiber cross-section. The droplet was 

then placed as close to the end of the fiber as possible to image both the droplet boundaries and the fiber 

cross-section with the same (almost the same) magnification. Note that for the proposed YLCA 

measurement method to be accurate, the fiber surface should be smooth to avoid CL pinning (see the SEM 

image given in Fig. 3.2c). 

 

Figures 3.3a and 3.3b show ferrofluid droplets of different volumes (from 4 to 12 µL) deposited on a 

hydrophilic fiber with a diameter of 𝑑 = 381 μm (Trilene XL smooth casting nylon fishing line) from 

the transverse and longitudinal views, respectively (detachment volume for this droplet–fiber system 

is 𝑉𝑑 = 1 .  μ ). It can be seen that ferrofluid droplets in this volume range exhibit clamshell profiles on 

this particular fiber. It is interesting to note that apparent CA (measured from a droplet’s macroscopic 

profile that excludes the skewed corners (Bormashenko 2013; Marmur et al. 2017; Farhan and Tafreshi 

2018)) from the transverse view tends to vary with increasing droplet volume (see Fig. 3.3c) whether 

defined at the contact point with the solid boundary (red colored angles) or at the droplet inflection point 

(where droplet curvature changes sign (Rebouillat et al. 2002)). The latter was obtained in the current 

study by extracting droplet boundaries using an edge-detection algorithm in the Mathematica software. A 

6th order polynomial ( )y f x= was then curve-fitted to these data, and the inflection point was obtained by 

setting the second derivative of the function equal to zero, i.e., ( ) 0f x = . This provided the x-coordinate 

ix  and subsequently, the y-coordinate ( )i iy f x= of the inflection point. The inflection points and their 
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corresponding angles are shown in blue color for droplets with different volumes in Fig. 3.3c. The contact 

angles from the longitudinal views were also obtained in a similar manner through image process via 

Mathematica. An example of such calculation is shown in Figs. 3.3d and 3.3e for simulated and imaged 

droplets, respectively. Figures 3.3d and 3.3e each show two droplets, one with a volume of 4 µL and the 

other with a volume of 12 µL (note how CL moves down along the side of the fiber preserving the CA). 

 

The CA viewed from the longitudinal direction remains the same regardless of the droplet volume. This 

is because with increasing the gravitational force (e.g., droplet volume), CL can freely move downward 

on the curved sides of the fiber (see the green dots in the magnified figures in Fig. 3.3b) allowing the air–

liquid interface to maintain its original slope with the fiber. This does not happen in the transverse direction 

where CL can only move horizontally along the length of the fiber (normal to the direction of the body 

force). The results shown in Figure 3.3 indicate that droplet CA viewed from the longitudinal direction is 

volume-independent. Moreover, as the CL can be located on the side of the fiber (from the longitudinal 

view) relatively easily, and as the droplet’s local profile is concave near the CL (independent of the 

hydrophilicity or hydrophobicity of the fiber), it is reasonable to conclude that the measured CA can 

represent the YLCA of the fiber. The volume-independence is a significant attribute of our YLCA 

measurement method, as accurate droplet volume measurement can be quite difficult when working with 

small droplet–fiber systems. In addition, since the proposed method does not require the fiber to be 

hydrophilic or hydrophobic, it can be used with liquids with an unknown surface tension. 
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Figure 3.3: Ferrofluid droplets with different 

volume (  𝛍𝐋 ≤ 𝑽 ≤    𝛍𝐋) hanging from a 

fiber under the influence of gravity from the 

transverse (a) and longitudinal (b) views. The 

droplet profile from experiment and simulation 

( 𝒀𝑳
 =  °) are compared. Droplet profiles 

from the transverse view are obtained using an 

edge-detection algorithm in Mathematica 

software and overlaid on top of one another in 

(c). Transverse CA is defined in two different 

ways, and both are found to vary with droplet 

volume. Examples of droplet profiles used for 

measuring fiber’s YLCA from the longitudinal 

view are shown in (d) and (e) for droplets with 

two different volumes 4 and 12 µL. The 

profiles shown in (d) are from simulated 

droplets, and are reported here for comparison 

only. Fiber’s YLCA is also measured using the 

sessile-drop method on a flat sheet made of the 

same material of the fiber in (f). 
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It is important to emphasize here that microscopic measurement of droplet CA near the fiber surface from 

the transverse view will most probably show a CA close to the YLCA of the surface. However, such 

measurements are not easy to conduct when working with small droplets on small fibers. The problem 

becomes even harder when the fiber is hydrophilic as the droplet local curvature changes asymptotically 

near the CL (McHale et al. 1997; McHale et al.  1999; 24–25, Bormashenko 2013; Marmur et al.  2017; 

Farhan and Tafreshi 2018). 

The YLCA for the fiber used in the experiments shown in Fig. 3.3 was measured using two different 

methods, and it was found to be 𝜃YL 
 ≈  5°. For the first method, the fiber was placed in a capillary tube 

with a known YLCA, and the rise of a known liquid in the gap between the tube and the fiber was imaged 

and used to obtain the YLCA of the fiber (Farhan and Tafreshi 2018; Aziz et al. 2018). For the second 

method, the droplet profile from experiment was compared to that obtained from a series of validated 

numerical simulations conducted for the same droplet–fiber system but with different fiber YLCAs as 

input. The YLCA for which the simulated droplet profile matched the one from experiment was taken as 

the YLCA of the fiber (see (Amrei et al. 2016; Farhan and Tafreshi 2018) for more detailed information). 

The numerical simulations reported in Figure 3.3 were conducted using the Surface Evolver (SE) finite 

element code (Brakke 1992). SE simulations start by placing a droplet with an arbitrary shape on the fiber. 

SE then, evolves the droplet shape to reach a 3-D profile that corresponds to the minimum energy of the 

fiber–droplet system in the presence of an external body force acting on the droplet (Marmur et al. 2017; 

Venkateshan and Tafreshi 2018). 

For further validation, we melted some of the fibers that were used for the experiment in an oven and 

flattened the surface of the resulting sheet using a heavy press. Figure 3.3f shows ferrofluid droplets with 

different volumes on the resulting surface (droplets are small enough to provide the YLCA of the surface). 

As can be seen, a YLCA of 𝜃YL 
 ≈  5° is obtained for the surface in agreement with the contact angle 
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observed from the longitudinal direction on the fiber in Figure 3.3b.  Note that the above sessile-drop 

method can only be used for fibers that can easily be melted and made into a flat sheet with no 

compositional degradation. For instance, working with carbon fibers, metallic fibers, glass fibers, or fibers 

from any material that loses its composition when melted makes the sessile-drop method impractical. In 

addition, there are many fibers with a coating on their surface [Yousefi et al. 2018]. Some coatings are 

added to help with fiber spinning process (e.g., a spin-finish) and others are added to enhance the 

performance of the fibers for their intended applications (e.g., to enhance the wettability of the fibers for 

fluid absorption applications). Moreover, many fibers are made of more than one polymer. For instance, 

some bi-component fibers are made of a stronger polymer as the core, and a more functional polymer as 

the sheath. The sessile-drop method is obviously not suitable for measuring the YLCA of such fibers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Ferrofluid droplets with different 

volume (1 μ ≤ 𝑉 ≤  .8 μ ) hanging from a 

hydrophobic needle fiber under the influence of 

gravity from the transverse (a) and longitudinal (b) 

views. The needle has a diameter of 𝑑 =    μm, 

an YLCA 𝜃𝑌𝐿
 ≈ 100°, and a ferrofluid 

detachment volume of 𝑉𝑑 = 5 μ . The ferrofluid 

droplet with a volume of 2 µL is shown in (c) and 

(d) when subjected to a downward magnetic force. 

The magnetic force increases from left to right. The 

figure to the right is the final equilibrium state 

before droplet detaches from the fiber. 
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To examine the accuracy of the proposed method when the fiber is hydrophobic, we repeated the above 

experiments using a hydrophobic needle with a diameter of 𝑑 =     μm (from MHC Medical Products, 

LLC, USA). Figures 3.4a and 3.4b show the droplet and its CAs from the transverse and longitudinal 

views, respectively. It can again be seen that transverse CA varies with droplet volume while the 

longitudinal CA remains the same at 𝜃 ≈ 100° (which was also confirmed independently using the above-

mentioned YLCA measurement methods). Note in Figure 3.4 that, droplet profile from experiment 

matches that obtained from numerical simulation of droplets on a fiber with an YLCA 𝜃𝑌𝐿
 = 100°. 

To investigate how the transverse and longitudinal CAs respond to an external body force exerted on the 

droplet, we deposited a ferrofluid droplet with a volume of   μ  on the fiber shown in Figs. 3.4a and 3.4b 

but used a permanent magnet to pull on the droplet. The magnetic force was then increased continuously 

by bringing the magnet closer to the droplet using an accurate height gauge. As can be seen in Figs. 3.4c 

and 3.4d, the transverse CA changes continuously while the longitudinal CA remains the same at 

𝜃 ≈ 100°regardless of the strength of the magnetic force (from gravity-only, on the left, to the final 

equilibrium state before detachment under the influence of gravity and magnetic force, on the right). The 

evidence shown in Figs. 3.3 and 3.4 serves to prove that the proposed YLCA measurement method is 

independent of droplet volume and/or the magnitude of the external force acting on the droplet (the basic 

requirements for measuring YLCA on a flat surface). 
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3.3 Comparison with Existing Methods 

As mentioned earlier in the Introduction, a method to measure droplet CA on hydrophilic (YLCA < 90°) 

fibers was recently reported in (Schellbach et al. 2016). In this method, a droplet was deposited on two 

horizontal parallel fibers, and the CA of the fibers was obtained from the shape of the liquid column 

formed between these fibers using the following expression,  

 

𝜃𝑌𝐿 = 90 −    t n
−1 (

2ℎ

𝑏
)                                                     (3.1) 

In this equation, ℎ and 𝑏 are the height and width of the spherical meniscus formed between the fibers, 

respectively. We used this method to obtain the YLCA of our hydrophilic fiber (the one reported in Fig. 

3.3) for comparison. We considered two identical fibers. We fixed one of the fibers horizontally but made 

the other one movable in the lateral direction in the same horizontal plane (to vary the fiber–fiber distance 

𝑏) using the motors of two Era NE-300 syringe pumps. The experiment started by placing a ferrofluid 

droplet on the fibers while the fibers were close to each other. We then increased the distance between the 

fibers until the droplet formed a bridge between the fibers (see Fig. 3.5a). Using this method, we obtained 

an average YLCA of 𝜃𝑌𝐿 =  1
°  3° which is within 6% of the angle obtained using our proposed method, 

i.e., 𝜃𝑌𝐿 
 =  5°. We also used the measured YLCA in a simulation devised to mimic the above experiment 

(see Figure 3.5b). As can be seen in these figures, there is good relative agreement between droplet length 

obtained from experiment and from simulation, indicating that the YLCA measured experimentally was 

accurate.  
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Figure 3.5: Ferrofluid droplet forming a bridge between two 

fishing lines (with the same properties as mentioned in Figure 

3.2) is shown in (a) along with its numerical counterpart in 

(b). An YLCA of about 61 degrees was obtained from the 

image according to the method developed in (Schellbach et 

al. 2016). YLCAs are obtained for the hydrophilic fiber of 

Figure 3.3 and the hydrophobic needle of Figure 3.4 using DI 

water in (c) and (d), respectively. Computational 

counterparts of the experiment reported in (c) and (d) are 

given in (e) and (f), respectively. 
 

We also repeated the YLCA measurements of Figs. 3.3 and 3.4 by vertically submerging one end of the 

fiber in a large body of deionized (DI) water (DI water for its cost-effectiveness compared to ferrofluid), 

as shown in Figures 13c and 13d. The meniscus rise near the surface of the fibers was then compared to 

the results from numerical simulation (Figures 3.5e and 3.5f) to confirm the accuracy of the measured 

YLCAs of 𝜃𝑌𝐿,𝑤 =  0
°   ° and 100°  3° with DI water for the fiber used in Fig. 3.3 and the needle 

used in Fig. 3.4, respectively. We then used Eq. 3.2 to convert the YLCAs obtain with DI water to those 

for ferrofluid (knowing the surface tension of DI water 𝜎𝑤
  and that of the ferrofluid  𝜎) (Good and 

Girifalco 1960; Sullivan 1981).  

cos 𝜃𝑌𝐿 
 = −1 + (

𝜎𝑤
 

𝜎   
)
1 2

(cos 𝜃𝑌𝐿,𝑤
 + 1)                                        (3.2) 

The resulting YLCAs for ferrofluid were 𝜃𝑌𝐿 =  5
°   ° and 𝜃𝑌𝐿 = 9 

°  3°for the fiber of Fig. 3.3 and 

the needle of Fig. 3.4, respectively (less than 10% mismatch with the method proposed here). Note that 
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the method used in Fig. 3.5c and 3.5d also suffers from the aforementioned problem of asymptotic 

curvature change near the contact line when the surface is very hydrophilic (making image processing 

difficult) (McHale et al. 1997; McHale et al. 1999; Bormashenko 2013; Marmur et al. 2017; Farhan and 

Tafreshi 2018). 

 

We also examined the accuracy of the proposed YLCA measurement method when used for fibers smaller 

or larger, or with fluids having different properties. Figure 3.6a shows a ferrofluid droplet on a 

Polypropylene fiber (from FiberVision) with a diameter of 𝑑 = 50 μm exhibiting an intrinsic CA of 

𝜃𝑌𝐿 ≈ 83
° (no attempt was made to control the volume of the droplet, as the proposed method is volume-

independent). To check the accuracy of this measurement, we simulated the shape of a ferrofluid droplet 

with a volume 𝑉 =   μ  on a fiber with the same diameter having an YLCA of 𝜃𝑌𝐿 = 83
°, and compared 

the resulting droplet profile with that obtained experimentally. As can be seen in Fig. 3.6b, there is good 

agreement between the experimental and computational profiles (only the transvers view is shown for the 

sake of brevity), supporting the applicability of the proposed method to YLCA measurement for fibers as 

small as 50 µm in diameter (and perhaps smaller). Figure 3.6c shows a silicone oil droplet on a fiber with 

a diameter of 1.28 mm showing an YLCA of 𝜃𝑌𝐿 ≈  0
°. Numerical simulation results obtained for the 

same droplet–fiber system (and an YLCA of 𝜃𝑌𝐿
 =  0°) are also shown in Fig. 3.6d, to further confirm 

the accuracy the proposed method. 
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Figure 3.6: Longitudinal view of a ferrofluid droplet with an arbitrary volume on a Polypropylene fiber with a 

diameter of 𝑑 = 50 μm is shown in (a) under the influence of gravity. An intrinsic CA of about 83 degrees was 

read from the image. Droplet profile from experiment matches that from a simulation with an YLCA of 83 degrees 

in (b) validating the YLCA read from (a). An YLCA of about 20 degrees can be seen from the longitudinal view of 

a silicone oil droplet with surface tension 𝜎𝑜 = 0.0    m on a fiber with a diameter of 𝑑 = 1. 8 mm as shown in 

(c). Droplet profile from experiment matches that from a simulation with an YLCA of 20 degrees in (d) validating 

the YLCA read from (c). 

 

Similar to other YLCA measurement methods (e.g., Wilhelmy force method or the infection-angle 

method), the underlying assumption of the proposed method is the absence of CL pinning (i.e., where no 

significant advancing or receding CAs are expected) (Bormashenko et al. 2008; Bormashenko 2013). To 

demonstrate this, an experiment was conducted for the fiber discussed in Fig. 3.3. We deposited a 

ferrofluid droplet with a volume of  𝑉 =   μ  on the fiber, and applied downward and upward magnetic 

forces to the droplet (shown with dark blue arrows in Figure 3.7). As can be seen in Figs. 3.7a–3.7c and 

the magnified image shown in Figure 3.7d, CL moves up or down in response to the body force applied 
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to the droplet. This allows the droplet to maintain an angle with the fiber equal to the YLCA of the fluid–

solid system, regardless of the “weight” or size of the droplet. 

 

Figure 3.7: Contact angle measurement for a ferrofluid droplet with a volume of 𝑉 =   μ  on a nylon fiber with a 

diameter of 𝑑 = 381 μm in the presence gravity (a), presence of gravity and a downward magnetic force (b), and 

presence of gravity and an upward magnetic force (c). The red and blue arrows show the direction of the 

gravitational and magnetic forces, respectively. Droplet edge obtained via image processing is shown in (d) for the 

three cases shown in (a) to (c). 

 

As a final note, it is important to emphasize that typical textile fibers do not always have a perfectly 

circular cross-section. This is also often accompanied by some degrees of waviness along the length of 

the fiber (e.g., fiber crimp). The non-circularity of the cross-section or the waviness of the fiber may make 

it harder (depending on severity of the imperfections) to measure the droplet contact angle from the 

longitudinal direction. 
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3.4 Conclusions 

 
A new method to measure the YLCA of a fiber (i.e., the intrinsic CA of the material from which the fiber 

was made) is developed in this study. Experimental and computational results were produced to show that 

the CA measured from the longitudinal view for a droplet in the clamshell conformation on a fiber 

represents the YLCA of the fiber. It was also shown that the proposed measurement method is independent 

of the volume of the droplet used for the experiment, or the magnitude of the external body force acting 

on the droplet. The droplet-volume-independence is an important attribute of the proposed method, which 

is in contrast to the commonly-used inflection-angle method. In addition, the proposed method can be 

used with both wetting and non-wetting fibers, which is also in contrast to many previous methods. Our 

experimental results were compared with data from numerical simulation or alternative experimental 

methods and good agreement was observed.  
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Chapter 4. Using Magnetic Field to Measuring Detachment Force between a 

Nonmagnetic Droplet and Fibers 

 

4.1 Introduction  

 
Quantifying the force required to detach a droplet from a fiber is important as it serves as a starting point 

in design and development of fibrous materials for applications like droplet–air or droplet–liquid 

separation [Contal et al. 2004; Kampa et al. 2014; Patel and Chase 2014; Yu et al. 2016; Wei 2018; Wei 

et al. 2019], water management in fuel cells [Gurau et al. 2006; Gauthier et al. 2012; Chen et al. 2013; 

Kakaee et al. 2018], fog harvesting [Garrod et al. 2007; Xu et al. 2016; Seo et al. 2016; Weyer et al. 2017; 

Shi et al. 2018], sensing [Yarin et al. 2002; De Ruiter et al. 2012], microfluidic [Gilet et al. 2009; Gilet et 

al. 2010], or textiles [Michielsen and Lee 2007; Sun et al. 2018] to name a few. Understanding droplet–

fiber interfacial forces also helps improve our understanding of the nature and how it inspires biomimetic 

designs [Zheng et al. 2010; Bai et al. 2010]. 

 

In the context of droplet–fiber(s) interactions, there are currently three experimental techniques reported 

in the literature for measuring the force required to detach a droplet from a fiber: detachment driven by a 

high-speed airflow [Sahu et al. 2013; Fang et al. 2015; Davoudi et al. 2016], detachment via an external 

mechanical object like the cantilever tip of an atomic force microscope (AFM) [Mullins et al. 2007; Mead-

Hunter et al. 2012; Hotz et al. 2015], and detachment via a magnetic force [Amrei et al. 2016; Aziz et al. 

2018; Farhan and Tafreshi 2018]. The problem with using air as the driving mechanism for droplet 

detachment is that the resulting forces will depend on the specific design of the chamber used for the 

experiment, i.e., the local laminar or turbulent airflow pattern around the deformed droplet. For the second 

method, the concern is that using an external object to detach a droplet from a fiber changes the original 
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problem of detaching a pendent droplet to a capillary bridge problem, which may further complicate the 

experiment (requiring additional equipment) and the interpretation of the resulting data. The use of a 

magnetic field for droplet detachment and force measurement (a non-contact approach) can alleviate some 

of the abovementioned problems, but it can only be considered for magnetic fluids (e.g., a ferrofluid), 

which obviously is a major limitation for the method from an application viewpoint.  

Although never used for droplet detachment from a fiber, it is important here to also mention about the 

use of a centrifugal force in measuring the force of adhesion between a droplet and a surface in a 

centrifugal adhesion balance device reported in the literature [Tadmor et al. 2017; Tadmor et al. 2009]. 

 

In the current study, we have developed a novel experimental approach that allows one to use a magnetic 

force for droplet detachment even when the droplet is nonmagnetic (e.g., a water or an oil droplet). This 

is done by adding a small amount of ferrofluid (referred to here as the secondary fluid) to the original 

nonmagnetic droplet (referred to here as the primary fluid) to create a compound droplet. The secondary 

ferrofluid can then be used to apply a body force to the resulting compound droplet and thereby detach it 

from the fiber(s). As will be discussed later in this chapter, the secondary fluid may reside inside the 

primary droplet in the form of a nested droplet [Neeson et al. 2012; Guzowski et al. 2012] or wrap around 

it in the form of a cloak [Khalil et al. 2014; Sett et al. 2017; Bansal and Sen et al. 2017; Rigoni et al. 

2018]. The detachment force measured for the compound droplet can then be post-processed to obtain the 

force of detachment for the original (primary) droplet from the fiber.  

 

The remainder of this chapter is organized as follows. Section 4.2, briefly describes our experimental setup 

and the materials used for the experiments. Section 4.3, presents our work on measuring the detachment 

force for when the primary droplet was made of a non-polar fluid (e.g., silicone oil), and an aqueous 
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ferrofluid was used as the secondary fluid. Section 4.4 on the other hand, presents the condition where the 

primary fluid was polar (e.g., water) and an oil-based ferrofluid was used to cloak and detach the primary 

droplet. Section 4.5 shows the application of the force measurement method developed in this study to 

more complicated scenarios of droplet detachment from intersecting fibers. Section 4.6 presents an 

analysis on the use of gravity as an alternative mechanism for droplet detachment from a fiber. The 

conclusions drawn from our study are given in Section 4.7. 

 

4.2 Experimental Setup and Materials 

 
Measuring detachment force using a magnet was first reported in Ref. [Amrei et al. 2016] for ferrofluid 

droplets on single or crossing fibers but it was also used later for studying droplet mobility on, or 

penetration through, hydrophobic fibrous surfaces [Jamali et al. Appl. Surf. Sci.  2018; Jamali et al. 

Langmuir 2018; Jamali et al. 2019]. The experimental approach of Ref. [Amrei et al. 2016] is modified 

here to measure the force of detachment for nonmagnetic droplets. Figure 4.1 shows our setup which 

consists of a fiber (Trilene XL smooth casting fishing line) mounted on a 3-D printed holder and a Mettler 

Toledo XSE105 weight measurement scale on which the holder is placed. An Era NE-300 syringe pump 

is used to produce droplets with desired volumes. The abovementioned modification is based on creating 

a compound droplet where a suspended ferrofluid droplet is gently injected inside the nonmagnetic droplet 

while it is hanging from the fibers (the ferrofluid should be immiscible with the nonmagnetic fluid).  

 

 

 

 

https://aip.scitation.org/author/Jamali%2C+M
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Figure 4.1: The experimental setup designed for the study. 

 

For the experiments, we used silicone oil (ALDRICH Chemistry-USA, viscosity of 96 cP) as the 

nonmagnetic primary fluid and a water-based ferrofluid (EMG 508, Ferrotech, USA, viscosity of 5 cP) as 

the magnetic (secondary) fluid. However, for the experiments with an aqueous nonmagnetic primary fluid 

(e.g., water), we used a kerosene oil-based ferrofluid like EMG 900 (Ferrotech, USA, viscosity of 60 cP). 

The scale was zeroed after an equilibrium state was observed for the compound droplet, and the 

detachment process was recorded using a high-speed camera (Phantom Miro Lab 340). A nickel-plated 

axially-magnetized permanent magnet (mounted on a height gauge) with a diameter of 1.5 cm and a height 

of 3 cm (K&J Magnetics) was used to apply an external force to the droplet. Table 1 shows the surface 

tension (measured using the pendant drop method) and density (from manufacturer) values for the fluids 

used in our experiment.  

 

 

 

scale

syringe pump

magnet

height gauge
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Table 4.1: Fluid properties at 25 C°. 

Fluid Surface tension Density  

Silicone oil  𝜎𝑠𝑜 = 0.02 N/m  𝜌𝑠𝑜 = 960    m3 

Water-based ferrofluid 𝜎𝑤  = 0.0649 N/m  𝜌𝑤  = 1050    m3 

Oil-based ferrofluid  𝜎𝑜  = 0.018 N/m  𝜌𝑜  = 1300    m3 

water 𝜎𝑤 = 0.072 N/m  𝜌𝑤 = 1000    m3 

 

 
4.3 Droplet Detachment using a Nesting Ferrofluid Droplet 

To create a compound droplet with a non-polar primary fluid (e.g., silicone oil) we use an aqueous 

ferrofluid as the magnetic (secondary) fluid. To do so, we inject a small amount of ferrofluid inside the 

oil droplet while it is hanging from the fiber (see Figure A1 in Appendix A). The volume of the ferrofluid 

droplet should be large enough to create sufficient magnetic force for the detachment but small enough to 

avoid contact with the fiber (dependent on the fluid densities and surface tensions as well as the fiber 

diameter and wettability). Figure 4.2 shows silicone oil droplets with volumes of 𝑉𝑠𝑜 =2 and 3 μ  hanging 

from a fiber with a diameter of 𝑑 = 381 μm. Ferrofluids with different volumes are injected into the oil 

droplet from below using a syringe (U-100 insulin syringe, MHC Medical Products, LLC, USA). It can 

be seen that, ferrofluid droplets that are too small or too large are not suitable for the experiment as they 

may come into contact with the fiber (see Figures 4.2b, 4.2f, and 4.2h). The range of ferrofluid droplets 

suitable for the experiment depends on the size of the primary droplet, as shown in Figure 4.2 with a red 

frame (about 0.3 ≤ 𝑉𝑤 ≤1.5 µL for 𝑉𝑠𝑜 =   µL and about 0.5≤ 𝑉𝑤 ≤2.5 µL for 𝑉𝑠𝑜 = 3 µL).  
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Figure 4.2: A silicone oil droplet with a volume of 

𝑉𝑠𝑜 =   μ  on a fiber with a diameter of 𝑑 =
381 μm is shown in (a). Compound droplets with 

nested ferrofluid droplets having different volumes 

𝑉𝑤  are shown in (b) through (f). Similar 

experiment conducted for a larger silicone oil 

droplet with a volume 𝑉𝑠𝑜 = 3 μ  is shown in (g) 

through (m). 

Once a suitable compound droplet is produced, the detachment experiment can start by moving the magnet 

toward the droplet–fiber system. As the magnet travels toward the droplet, it pulls the ferrofluid droplet 

downward leading to the deformation, and eventually, detachment of the compound droplet as can be seen 

in Figure 4.3a.  Moving from Image 1 to Image 3 in this figure, the magnetic force increases from zero 

(only gravity acting on the droplet i.e., 38 μN) to about 11 μN (resulting in a total force of about 49 μN). 

The final equilibrium state of the compound droplet is shown with a red frame in Figure 4.3a. The droplet 

will undergo a spontaneous detachment (time-dependent) process under a constant body force of about 49 

μN. At the onset of detachment (Image 3), the scale reading reaches a peak value that is taken here as the 

droplet detachment force. The detachment force 𝑓𝑠𝑜  of the silicone oil droplet is calculated as 

𝑓𝑠𝑜 =   (𝑚𝑒𝑥 + 𝜌𝑠𝑜𝑉𝑠𝑜 + 𝜌𝑤 𝑉𝑤 )                                                    (4.1) 

b)

d)

f )
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where   is the gravitational acceleration and 𝑚𝑒𝑥 is the maximum mass value recorded by the scale at the 

moment of detachment. In this equation, 𝜌 and V represent density and volume, and subscripts “so” and 

“wf” denote silicone oil and water-based ferrofluid, respectively.  

 

Figure 4.3b shows the recorded body force on the fiber during one of the experiments (the scale was 

zeroed after both droplets were placed on the fiber; Image 1 in Figure 4.3a). As expected, the force 

increases as the magnet moves closer to the droplet (points 1 through 3). To detect the onset of detachment 

accurately, the speed by which the magnet was moved toward the droplet was decreased after point 2. 

Spontaneous detachment started at point 3 and continued for about 3 seconds until point 6 with the magnet 

held in place. It can be seen that the force measured by the scale did not vary much after the start of the 

spontaneous detachment process even though the center of mass of the elongated droplet moved closer to 

the magnet and so the droplet experienced a stronger magnetic force. This is because during the 

spontaneous detachment, the droplet was not in mechanical equilibrium and the additional magnetic force 

was spent on elongating the droplet and on accelerating it toward the magnet rather than pulling on the 

fiber more strongly). After droplet detachment, the scale recorded a negative force (point 7) which 

corresponds to the weight of the detached droplet. Note that the force applying on the silicone oil droplet 

is not uniform (i.e. the lower part of the oil droplet that is in contact with the ferrofluid droplet has more 

force comparing with the one far away from the ferrofluid droplet). However, from the force balance point 

view, the resulting force affecting on the fiber is the one we care about and that force the scale can predict 

and tell how much force were applying on the whole silicone oil droplet at the detachment moment. 
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Figure 4.3: High-speed images showing 

detachment of a silicone oil droplet 

compounded with a nesting aqueous ferrofluid 

droplet are shown in (a). The external body 

force exerted on the fiber during one of our 

droplet detachment experiments is given in (b) 

as a function of time. The volume of the liquid 

residue left on the fiber after detachment 𝑉𝑟 
(see Image 7) is calculated using the largest 

recorded negative force 𝑓𝑟 as 𝑉𝑟 =
g( 𝜌𝑠𝑜 𝑉𝑠𝑜+ 𝜌𝑤𝑓 𝑉𝑤𝑓)− 𝑟

g 𝜌𝑠𝑜
. 

Figure 4.4a shows the force required to detach a silicone oil droplet with a volume of 𝑉𝑠𝑜 = 3 μ  from a 

fiber using nested ferrofluid droplets of different volumes 𝑉𝑤 . As can be seen in this figure, a detachment 

force of about 𝑓𝑠𝑜  50 μ  has been obtained for the silicone oil droplet (𝑉𝑠𝑜 = 3 μ ) independent of the 

volume of the ferrofluid droplet used for the experiment. Note that, with increasing the volume of the 

ferrofluid, the compound droplet will become heavier and a smaller magnetic force is required to detach 

it from the fiber. Figure 4.4b shows similar results but for silicone oil droplets with two different volumes 

of 𝑉𝑠𝑜 = 3 and 5 µL placed on a fiber with a larger diameter of 532 µm and a different YLCA of 𝜃 = 18°. 
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It again can be seen that detachment force is independent of the volume of the nested ferrofluid used for 

the experiment.   

To examine the accuracy of our experimental results, and to obtain additional insight into the interplay 

between the forces acting on the oil droplet, we also conducted a series of numerical simulations using the 

Surface Evolver (SE) finite element code [Brakke 1992]. Once the fiber–droplet system was properly 

defined for SE, the code was able to minimize the total energy of the system toward an equilibrium shape 

for the droplet under the influence of the applied body force [Amrei et al. 2016; Aziz et al. 2018; Farhan 

and Tafreshi 2018; McHale and Newton 2002; Moghadam et al. Colloids Surf. A 2018]. The simulations 

started by placing a body of silicone oil with a volume 𝑉𝑠𝑜, a density of 𝜌𝑠𝑜, and a surface tension of 𝜎𝑠𝑜 

on the fiber and allowing it to evolve to reach an equilibrium shape. An external body force was then 

applied to the droplet in a direction normal to the fiber, and the force magnitude was increased 

incrementally until no equilibrium shape could be found for the droplet. The maximum force at which an 

equilibrium state was obtained for the hanging oil droplet was considered as the droplet detachment force 

in our study (see Refs. [Amrei et al. 2016; Aziz et al. 2018; Farhan and Tafreshi 2018; Jamali et al. Appl. 

Surf. Sci. 2018; Jamali et al. Langmuir 2018; Ojaghlou et al. 2018] for more details). 
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Figure 4.4: Experimentally measured detachment 

force for a silicone oil droplet compounded with 

ferrofluid droplets of different volumes is given in 

(a). Numerical simulation results (dashed line) 

obtained for pure silicone oil is also given for 

comparison. The experiment–simulation 

comparison of (a) is repeated for a fiber with a 

different diameter and a different YLCA in (b) for 

silicone oil droplets with two different volumes. 

Our image-based YLCA measurement method 

applied to the droplet–fiber systems considered in 

this figure is shown in (c) and (d).  

 

(XY)  02 May 2019 

0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5
V
w f
(L)

20

25

30

35

40

45

50

55

60

65

70

75

D
et
ac
h
m
en
t
F
o
rc
e
f z
(
N
)

V
so
= 3 L

d = 381 m


so
= 10

o

(XY)  02 May 2019 

𝑉𝑤   (μ𝐿)

𝑉𝑤   (μ𝐿)

a)

(XY)  19 Nov 2018 

0.25 0.5 0.75 1 1.25 1.5 1.75
V
f
(L)

6

8

10

12

14

16

18

20

22

24

26

D
et
ac
h
m
en
t
F
o
rc
e
F
z
(N
/k
g
)

Experiment

Simulation

V
w
= 8 L

d = 457 m

w/o
= 81.79

o


w/o
= 0.054 N/m

Cross fibers

(XY)  19 Nov 2018 

c)

d) 𝑑 = 533 µm 

𝑉𝑠𝑜 = 3 μ 𝑉𝑠𝑜 = 5 μ 

𝑉𝑠𝑜 = 3 μ 

1mm

1mm

1mm

1mm

𝜃𝑠𝑜 = 18
°

𝑉𝑠𝑜 = 5 μ 

𝑑 = 381 µm 

(XY)  19 Nov 2018 

0.25 0.5 0.75 1 1.25 1.5 1.75 2
V
w f
(L)

45

50

55

60

65

70

75

D
et
ac
h
m
en
t
F
o
rc
e
f z
(
N
)

V
so
= 3 L

V
so
= 5 L

d = 533 m


so
= 18

o

(XY)  19 Nov 2018 

b)

𝜃𝑠𝑜 = 10
°

D
e
ta

c
h
m

e
n
t 
F

o
rc

e
  
𝑓 𝑠
𝑜
 (
μ
 
)

D
e
ta

c
h
m

e
n
t 
F

o
rc

e
  
𝑓 𝑠
𝑜
(μ
 
)

𝑉𝑠𝑜 = 3 μ 
𝑑 = 381 μm
𝜃𝑠𝑜 = 10

°

𝑉𝑠𝑜 = 3 μ 
𝑉𝑠𝑜 = 5 μ 

𝑑 = 533 μm
𝜃𝑠𝑜 = 18

°

     im nt
Simulation



58 

 

Our numerical simulation results (obtained for detachment of a silicone oil droplet with a volume of 𝑉𝑠𝑜) 

are shown in Figures 4.4a and 4.4b using dashed lines, and it can be seen that they are in good agreement 

with the experimental data. Note that the YLCA of the fiber with the silicone oil 𝜃𝑠𝑜, required for the 

simulations, was experimentally obtained using an image-based method (see Figures 4.4c and 4.4d) 

described previously in Refs. [Amrei et al. 2016; Aziz et al. 2018; Farhan and Tafreshi 2018; Farhan et 

al. 2019].  

 

4.4 Droplet Detachment using a Cloaking Ferrofluid Droplet 

 
When the primary droplet is made from a polar fluid (e.g., water), one can use an oil-based ferrofluid for 

the detachment experiment. With the surface tension of most oils less than that of most polar fluids, it is 

likely that the ferrofluid will cloak the primary droplet rather than a nesting inside it.36–43  

 

Figure 4.5 shows the detachment process for a compound droplet comprised of a water droplet with a 

volume of   μ  cloaked by 0.3 μ  of oil-based ferrofluid. The experiment started by first placing a water 

droplet on the fiber (Image 1) and zeroing the scale. The ferrofluid was then brought into contact with the 

water droplet using a small needle (from below without letting ferrofluid touch the fiber, Image 2) and 

was allowed to cloak the water droplet (Images 3–6). After an equilibrium state was reached for the 

compound droplet (Image 7) (about 𝑡1= 0.8 s in the case shown here), the increased mass 𝑚𝑠𝑐𝑎𝑙𝑒 was read 

from the scale (to calculate the volume of the cloaking ferrofluid 𝑉𝑜 = 𝑚𝑠𝑐𝑎𝑙𝑒 𝜌𝑜 ⁄ ), and the scale was 

zeroed again. The detachment process started by moving the magnet closer to the droplet (Images 8–9) 

increasing the magnetic force from zero (only gravity affecting the droplet) to about 8 N/kg (resulting in 

a total force of about 𝐹𝑧 = 18      affecting the droplet). Images 10–12 in Figure 4.5 show the process 

of spontaneous (time-dependent) droplet detachment under a constant body force of about 18     .  
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Figure 4.5: High-speed images showing detachment of a DI water droplet cloaked by an oil-based ferrofluid. Image 

1 shows the water droplet under the gravity. Images 3 through 7 show the ferrofluid cloaking the water droplet in 

less than a second. Image 8 shows the compound droplet under the influence of gravity and a weak magnetic force. 

Image 9 shows the compound droplet in its final state of equilibrium before the spontaneous detachment. Images 

10 through 12 show the spontaneous detachment process. 

 

 

Figure 4.6 shows the force recorded by the scale during one of the experiments with a water droplet having 

a volume of   w = 8 μ  and cloaked by 0.7 µL of the oil-based ferrofluid. The force on the fiber increases 

with bringing the magnet closer to the droplet until the spontaneous detachment process starts 

(corresponding to the largest recorded force in Figure 4.6). The negative value shown by the scale after 

detachment corresponds to the weight of the detached droplet and can be used to obtain the weight of the 

residue left on the fiber (0.5 μ  here). Similar to the case of nesting ferrofluid droplets (Section 4.3), the 

force applying on the water droplet is not uniform (i.e. the lower part of the water droplet has more force 

since the ferrofluid will cumulate down more with bringing the magnet closer to the compound droplet). 

However, from the force balance point view, the resulting force affecting on the fiber is the one we care 

about and that force the scale can predict and tell how much force were applying on the whole water 

droplet at the detachment moment. 
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Figure 4.6: The external body force exerted on a fiber with a diameter of 457 µm during magnetic detachment of 

a water droplet with a volume of 8 μ  cloaked by 0.  μ  of oil-based ferrofluid. The volume of the liquid residue 

left on the fiber after detachment 𝑉𝑟 is calculated using the largest recorded negative force.  

 

Similar to the case of nesting ferrofluid droplets (Section 4.3), the volume of the cloaking ferrofluid should 

not be too small or too large. Figures 4.7a–c show three compound droplets made with 4 µL of water but 

with different volumes of ferrofluid. It can be seen that the compound droplet does not detach from the 

fiber when the cloak is too thin (Figure 4.7a with 𝑉𝑜 = 0.1 μ ). Increasing the ferrofluid volume to 𝑉𝑜 ≥

0.3 μ , can result in a successful droplet detachment as can be seen in Figure 4.7b. However, excessive 

ferrofluid volumes (e.g., 𝑉𝑜 = 1.5 μ  as shown in Figure 4.7c), can lead to ferrofluid ejection from the 

compound droplet before detachment takes place. This makes it hard to know the volume of the ferrofluid 

that was actually on the compound droplet during detachment (needed for calculating the detachment 

force).  
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Figure 4.7: Possible scenarios of detaching a water droplet with a volume of 4 µL cloaked with different amounts 

of oil-based ferrofluid. (a): insufficient amount of ferrofluid, (b): right amount of ferrofluid, (c): excessive amount 

of ferrofluid. 

 

Note that since the oil-based ferrofluid cloaks the water droplet, the contact angle between the fiber and 

the droplet changes from the YLCA of water with the material of the fiber in air 𝜃𝑤 to an angle closer to 

that in a bath of ferrofluid 𝜃𝑤−𝑜 . Therefore, the recorded detachment force for such a compound droplet 

𝐹𝑤−𝑜  should properly be scaled before it can be assigned to a water droplet. The compound droplet 

detachment force from experiment 𝐹𝑤−𝑜  can be written as, 

𝐹𝑤−𝑜  =
g (𝑚𝑒𝑥+𝜌𝑜𝑓 𝑉𝑜𝑓+𝜌𝑤 𝑉𝑤)

𝜌𝑜𝑓 𝑉𝑜𝑓 + 𝜌𝑤 𝑉𝑤
                                                        (4.2) 

With the compound droplet and its volume-equivalent made of water (with a volume of  𝑉𝑤,𝑒𝑞 =  𝑉𝑤 +

 𝑉𝑜 ) having identical Bond numbers at the moment of detachment, we can write [Farhan and Tafreshi 

2018], 

𝐹𝑤 =  
𝜌𝑤−𝑜𝑓

𝜌𝑤
 
𝜎𝑤

𝜎𝑤−𝑜𝑓
 
1 + cos𝜃𝑤

1 + cos𝜃𝑤−𝑜𝑓
 𝐹𝑤−𝑜                             (4.3) 

𝑉𝑤 =   μ , 
𝑑 =  5 μm 

𝑉𝑤 =   μ , 
𝑑 =  5 μm 

𝑉𝑤 =   μ , 
𝑑 =  5 μm 

𝑉𝑜 = 0.3 μ b)a) 𝑉𝑜 = 0.1 μ 𝑉𝑜 = 1.5 μ c)
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where 𝐹𝑤 is the force needed to detach the volume-equivalent water droplet, and 𝜎𝑤 is the water surface 

tension. Also in this equation, 𝜌𝑤−𝑜 =  
𝜌𝑜𝑓  𝑉𝑜𝑓 + 𝜌𝑤  𝑉𝑤

𝑉𝑤 + 𝑉𝑜𝑓
 and 𝜎𝑤−𝑜  are “effective” density and surface 

tension (in air) for the compound droplet. The parameter cos 𝜃𝑤−𝑜  can be obtained from the Young 

equation cos 𝜃𝑤−𝑜 = (𝜎𝑠−𝑜 −𝜎𝑠−𝑤) 𝜎𝑤−𝑜  and further simplified considering cos 𝜃𝑜 =

(𝜎𝑠 −𝜎𝑠−𝑜 ) 𝜎𝑜  and  cos 𝜃𝑤 = (𝜎𝑠 −𝜎𝑠−𝑤) 𝜎𝑤 (subscripts, s, of, and w refer to solid, oil-based 

ferrofluid, and water, respectively), to appear as (see Figure 4.8a),  

cos 𝜃𝑤−𝑜 =  
𝜎𝑤  cos𝜃𝑤 − 𝜎𝑜𝑓  cos𝜃𝑜𝑓

𝜎𝑤−𝑜𝑓
                         (4.4) 

Note that we use the aforementioned image-based method (see Ref. [Amrei et al. 2016; Aziz et al. 2018; 

Farhan and Tafreshi 2018; Farhan et al. 2019]) to measure the YLCA of water 𝜃𝑤 and oil-based ferrofluid 

𝜃𝑜  with the fiber (see Figure 4.8b). The other unknown parameter needed for scaling the detachment 

force obtained for a compound droplet to be used for a water droplet is an “effective” surface tension for 

the compound droplet 𝜎𝑤−𝑜 . Here, we obtain this effective surface tension using a semi-empirical 

correlation that we developed previously to predict the force needed to detach a droplet from a fiber (Eq. 

15 in Ref. [Farhan and Tafreshi 2018]), written here for 𝜎𝑤−𝑜 , i.e.,  

 

𝜎𝑤−𝑜 =
 𝐹𝑤−𝑜𝑓   𝜎𝑟𝑒𝑓

(
𝑟ref
𝑟
)
2 𝜌𝑟𝑒𝑓

𝜌𝑤−𝑜𝑓
 (1+cos𝜃𝑤−𝑜𝑓) 𝜑 (

𝑉𝑤+𝑉𝑜𝑓

𝑟3
 )

−𝜉                                          (4.5)                          

where, 𝐹𝑤−𝑜  is the force obtained from the experiment with the compound droplet. All other parameters 

in this equation are constant (𝜎𝑟𝑒 = 0.0  9 N/m, 𝑟𝑟𝑒 = 190.5 × 10
−6m, 𝜌𝑟𝑒 = 1050    m

3, 𝜑 =

3,89      , and 𝜉 = −0.8 ).  
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With  𝜎𝑤−𝑜  from Eq. 4.5, the detachment force for a water droplet with a volume equal to that of the 

compound droplet can now be found using Eq. 4.3. Figure 4.8c shows the detachment force of a water 

droplet (obtained from Eq. 4.3) with a volume of  𝑉𝑤,𝑒𝑞. Simulation results for a water droplet detachment 

from the same fiber are also included for comparison. Excellent agreement can be seen between the 

detachment forces obtained from simulation and those from Eq. 4.3. Once a figure like Figure 4.8c is 

produced, one can obviously read the force needed to detach the original water droplet (the one with a 

volume of  𝑉𝑤) from the figure. Alternatively, one can start making the compound droplet with a water 

droplet slightly smaller than the desired water droplet (for instance, 25% smaller) such that the volume of 

the resulting compound droplet (after cloaking with ferrofluid) matches that of the water droplet in 

question. One should then detach the resulting compound droplet using a magnet to obtain the force of 

detachment 𝐹𝑤−𝑜 , and use Eqs. 4.5 and 4.3 to scale this force for the desired water droplet.  

An important discussion is given in Ref. [Tadmor et al. 2017] to judge if the forces recorded during a 

droplet detachment experiment can represent the work of adhesion or they are merely the force needed to 

break up a droplet. Following Ref. [Tadmor et al. 2017], we have presented an analysis in Appendix A 

for some of the experiments reported in this chapter to ensure that the recorded forces are not for droplet 

breakup (see Appendix A).  
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Figure 4.8: Schematic drawings show the 

contact angles for a pendent oil-based 

ferrofluid droplet (left), a pendent water 

droplet (middle), and a compound droplet 

made of the two (right) in (a). The subscript 

“s”, “w” and “of” denote solid-surface, DI 

water, and oil-based ferrofluid, respectively. 

Our image-based YLCA measurement 

method applied to the droplet–fiber systems 

considered in this figure is shown in (b). 

Detachment force data are obtained for 

ferrofluid-cloaked water droplets using a 

magnetic field and scaled (Eqs. 4.3 and 4.5) 

to represent detachment force for pure water 

droplets in (c). Numerical simulation results 

obtained for pure water droplet are also shown 

for comparison.  

 

 
4.5 Detaching Nonmagnetic Droplets from Crossing Fibers 

 
In this section, we discuss detachment of nonmagnetic droplets from intersecting fibers. Figure 4.9a shows 

the detachment force for a silicone oil droplet with a volume of 𝑉𝑠𝑜 =   µL (compounded with nesting 

aqueous ferrofluid droplets of different volumes) on two intersecting (orthogonal respect to one another) 

fibers with a diameter of 𝑑 = 381 μm and a YLCA of about 𝜃𝑠𝑜 = 10
°with silicone oil. The inset on the 
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top shows examples of such compound droplets made with ferrofluid droplets of different volumes from 

two different views. The red dashed-line in Fig. 4.9a show the results of our numerical simulations 

conducted for the detachment of the silicone oil droplet from the fiber. A computational figure showing 

the silicone oil droplet with a volume of 𝑉𝑠𝑜 =   μ  at the final state of equilibrium (near detachment 

moment) on the intersecting fibers is also shown as a second inset for better illustration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 4.9: The force required to detach a silicone 

oil droplet from two intersecting fibers is reported 

in (a) for when it was compounded with nesting 

(aqueous) ferrofluid droplets of different volumes. 

The force required to detach a pure water droplet 

from two intersecting fibers is reported in (b). 

These data were obtained by magnetically 

measuring the force of detachment using 

compound droplets (ferrofluid-cloaked water 

droplets) but scaled using Eqs. 4.3 and 4.5 so that 

they can be applied to pure water droplets. 

Examples of the compound droplets used in the 

experiment are shown in the inset images in (a) and 

(b). Numerical simulation results obtained for 

detaching pure water droplets are also shown in (a) 

and (b) with red dashed-lines for comparison.  
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Figure 4.9b shows the force required to detach a cloaked water droplet from two intersecting (orthogonal) 

fibers with a diameter of 𝑑 =  5  μm and an YLCA of 𝜃𝑤−𝑜 = 81
°. Examples of the compound 

(cloaked) droplets are shown as inset. Note that, unlike the case of detachment from a single fiber (Sections 

4.3 and 4.4), where a universally-applicable correlation for droplet detachment force was used (i.e., Eq. 

4.5 from Ref. [Farhan and Tafreshi 2018]), no such correlation exists for the case of droplet detachment 

from intersecting fibers. In this concern, we conducted an experiment with a single fiber (with the same 

compound droplet) and used Eq. 4.5 to estimate an effective surface tension 𝜎𝑤−𝑜  for the compound 

droplet detaching from the intersecting fibers.  

Numerical simulation results obtained for a water droplet from the same intersecting fibers are also shown 

with red dashed-lines for comparison. Good agreement can be seen between the detachment forces from 

experiment with compound droplets (after scaling for water via Eq. 4.3) and their computational 

counterparts obtained directly for water droplet detachment.  

 

4.6 Compound Droplet Detachment using Gravity 

The traditional, and perhaps the simplest, way to study capillarity of a fiber has been to increase the volume 

of a droplet hanging from the fiber until the droplet falls under its own weight (i.e., until the force per unit 

mass needed to detach the droplet becomes as small as the gravitational acceleration, g). This method, 

obviously, cannot be used for droplet detachment force measurement when the droplet of interest has a 

specific volume. However, as reported recently in [Weyer et al. 2015], such a measurement can be possible 

when using a compound droplet. The authors in Ref. [Weyer et al. 2015] considered pure water and soapy 

water as their primary fluids and used silicone oil as the secondary fluid to create different compound 

droplets. They then increased the volume of the silicone oil until the compound droplets were too heavy 
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to stay on the fiber. In this section, we discuss how this method can be used in our work for droplet 

detachment force measurement.  For the case where the secondary fluid nests inside the primary fluid 

(Section 4.3), the abovementioned volume-increase method is obviously not applicable. This is because 

increasing the volume of the secondary fluid results in the secondary fluid coming into contact with the 

fiber. On the other hand, when the secondary fluid cloaks the primary droplet, the scenario is somewhat 

different, as is discussed in the next paragraph.  

 

For this analysis, we produced compound droplets with water as the primary fluid and the oil-based 

ferrofluid as the secondary fluid (using the oil-based ferrofluid allows us to compare the results of volume-

increase method with those obtained from using a magnet). We placed water droplets of different volumes 

𝑉𝑤 on a fiber, and added as much ferrofluid as needed until the resulting compound droplets became too 

heavy to stay on the fiber (see Fig. 4.10a). As can be seen in Fig. 4.10b, the total droplet volume (𝑉𝑚 =

𝑉𝑤 + 𝑉𝑜 ) needed to detach a water droplet with a volume of  𝑉𝑤 increases with increasing 𝑉𝑤. This is 

similar to the behavior reported in [Weyer et al. 2015] for compound droplets made with water and silicone 

oil. Repeating the same experiment with fibers having different diameters and YLCAs, we observed a 

similar trend, but the results were not independent of the YLCA or diameter of the fibers used for the 

experiment (unlike the data reported in [Weyer et al. 2015]). Our results show that 𝑉𝑚 increases with 

increasing fiber diameter or decreeing the YLCA of the fiber. This agrees well with our previous work 

(Ref. [Farhan and Tafreshi 2018]) where we showed that for the gravity to be the detachment acceleration 

(detachment force per mass of the droplet), droplet volume should decrease with decreasing fiber dimeter.  
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Figure 4.10: The steps of adding an oil-based ferrofluid to a pendent water droplet with a volume of 4µL are shown 

in (a). The length of the fiber’s wetted area (viewed from the transverse direction) 𝑙  is measured (in millimeters) 

and added to the figures for comparison. The detachment volume for compound droplets (𝑉𝑚 = 𝑉𝑤 + 𝑉𝑜 ) is given 

in (b) as a function of the volume of the primary (water) droplet. The inset images in (b) show the final equilibrium 

state of different compound droplets (water droplets cloaked with the oil-based ferrofluid). Detachment force for 

pure water droplet (red line), compound droplet under gravity (black line), and compound droplet under magnetic 

force (green line) are given in (c), (d), and (e) for fibers with a diameter of 𝑑 =  15, 381, and  5  μm, respectivley. 

Note that Ref. [*] in (c-e) refers to Ref. [Farhan and Tafreshi 2018]. 
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The inset images in Figure 4.10b show different compound droplets near the detachment moment. It can 

be seen that the ferrofluid cloaks the water droplet all the way to the fiber, although the cloak is thicker 

near the bottom and thinner on the top (note the black color on the fiber and the ferrofluid residue left on 

the fiber after detachment).  

Figures 4.10c-e show detachment force for water droplets of different volumes (red line) from the same 

three fibers. These forces are obtained from Eq. 4.5 with surface tension and YLCA of water as inputs. 

Figures 4.10c-e also present detachment force for the same water droplets but when compounded with the 

cloaking ferrofluid. The black lines in these figures show the case were gravity was used for droplet 

detachment (i.e., the volume of the ferrofluid was increased until the compound droplet detached under 

gravity). It can clearly be seen that the force needs to detach a water droplet with a volume of 𝑉𝑤 is higher 

than the force needed to detach the same droplet when it was cloaked with ferrofluid (with a volume of 

𝑉𝑜 ). This is because the surface tension of the compound droplets is less than that of water, and also their 

YLCA with the material of the fiber is somewhat higher than that of water. Note that the detachment 

forces shown with black lines in Figures 4.10c–e correspond to compound droplet detachment volumes 

𝑉𝑚 shown in Figure 4.10b. Note that the behavior we observed with our compound droplets does not agree 

with that reported in Ref. [Weyer et al. 2015] for water (or soapy water) droplets compounded with 

silicone oil.  

The green lines in Figure 4.10c–e show the case where the detachment was induced by a magnetic field 

(i.e., only a small volume of ferrofluid was used in making the compound droplets). Note that, the 

detachment forces shown with green lines are the same data used in Eqs. 4.3 and 4.5 to produce water 

droplet detachment forces in Figure 4.8c. In other words, the data obtained from compound droplet 

detachment need to be scaled before they can be used for water droplet, as mentioned earlier in Sections 

4.4 and 4.5. 
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Note in Figure 4.10a that, adding more ferrofluid to the water droplet (from left to right), the wetted area 

of the fiber increases with the increase in the volume of the resulting compound droplet. The increased 

wetted area (i.e., increased contact line) lead to an increase in the force needed to detach the droplet (even 

with the effective surface tension of the compound droplet decreasing with increasing the volume of the 

ferrofluid). Therefore, less force is needed to detach a compound droplet when it contains less ferrofluid 

(and that is why the green lines are below the black lines in Figures 4.10c–e). Using the data shown with 

black lines in Eqs. 4.5 and 4.3, we obtained detachment force data that can be assigned to water droplets 

with a volume equal to that of the compound droplet (i.e., 𝑉𝑤,𝑒𝑞 =  𝑉𝑤 +  𝑉𝑜 ) as can be seen in Figure 

4.11a. Same as the case shown in Figure 4.8c, numerical simulation results obtained for a water droplet 

with a volume of  𝑉𝑤,𝑒𝑞 are added to this figure, and excellent agreement can be seen between the results 

obtained for water droplet detachment and data from compound droplet detachment experiment after 

scaling.  

 

We also conducted a series of single-fiber detachment experiments using the volume-increase method 

(detachment under gravity) with compound droplets having different ferrofluid-to-water volume ratios 

𝜂 =
𝑉𝑜𝑓

𝑉𝑤
. We then used the resulting forces 𝐹𝑤−𝑜  in Eq. 4.5 to obtain effective surface tension values for 

cloaked droplets with of different ferrofluid-to-water volume ratios (see Figure 4.11b). Fitting a 2nd order 

polynomial to these data (regardless of the fiber used for droplet detachment experiment), a semi-empirical 

correlation is developed for the effective surface tension of our compound droplets comprised of a water 

droplet cloaked by oil-based ferrofluid. 

𝜎𝑤−𝑜 = 𝜎𝑤 − 𝛼 𝜂 + 𝛽 𝜂2                                                          (4.6) 

where 𝛽 = 0.00    m and 𝛼 = 0.015   m. 
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Equation 4.6 circumvents the need for using Eq. 4.5 to obtain 𝜎𝑤−𝑜  when doing the droplet detachment 

using gravity.  It is interesting to note in this figure that increasing 𝜂 =
𝑉𝑜𝑓

𝑉𝑤
 the effective interfacial tension 

𝜎𝑤−𝑜  reaches a plateau of about 0.049 N/m which is close to the value one can obtain using the equation 

given in Ref. [Marmur and Valal 2010] for a droplet submerged in a bath of another fluid. 

 

𝜎𝑤−𝑜 =
cosh(

𝜎𝑤
𝑘
) 𝜎𝑤

1−𝑚−cosh(
𝜎𝑜𝑓

𝑘
) 𝜎𝑜𝑓

1−𝑚

cosh(
𝜎𝑤+𝜎𝑜𝑓 − 𝑐 𝜎𝑤

𝑛  𝜎𝑜𝑓
1−𝑛

𝑘
) (𝜎𝑤+𝜎𝑜𝑓−𝑐 𝜎𝑤

𝑛  𝜎𝑜𝑓
1−𝑛)−𝑚

                                     (4.7) 

 

where 𝑚 = 0.9388 ,  = 0.9 9 5, 𝑐 = 0.83 55 𝑘 =   .1 1 m  m. Using the surface tension of our 

oil-based ferrofluid 𝜎𝑜  and water 𝜎𝑤 from Table 1, we obtain an effective surface tension of 𝜎𝑤−𝑜 =

0.0 9   m. 

 

We also observed that the effective surface tension values given in Figure 4.11b (or Eq. 4.6) are not very 

accurate when used for predicting droplet detachment force if detachment is made magnetically. This 

probably is due to the way the effective surface tension is defined in our work, i.e., based on detachment 

force per unit droplet mass, which varies from one case to other when using a magnet for droplet 

detachment (as opposed to when using earth’s gravity). Note also that the amount of ferrofluid used for 

droplet detachment with a magnet is quite small compared to the volume of the primary droplet. 
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Figure 4.11: Detachment force data obtained 

for ferrofluid-cloaked water droplets under 

gravity and scaled (Eqs. 4.6 and 4.3) to 

represent detachment force for pure water 

droplets in (a). Numerical simulation results 

obtained for pure water droplet are also 

shown for comparison. Effective surface for 

ferrofluid-cloaked water droplets is given in 

(b) as a function of ferrofluid-to-water 

volume ratio 𝜂 =
𝑉𝑜𝑓

𝑉𝑤
. The effective surface 

tension values converge to that predicted in 

Ref. [Marmur and Valal 2010] when large 

amounts of ferrofluids are used in cloaking 

the inner water droplet (for detachment using 

earth’s gravity).  
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4.7 Conclusions  

 
In this work, we present a new approach to obtain the force required to detach a nonmagnetic droplet from 

a fiber using a magnetic force, for the first time. This method allows one to measure the force of 

detachment without the need for using an external object, an airflow, or a centrifugal device. The proposed 

method is based on creating a compound droplet comprised of the droplet of interest (primary fluid) and 

a ferrofluid (secondary fluid). More specifically, we measured the force of detachment for a silicone oil 

(a non-polar fluid) deposited on a fiber by injecting a small amount of aqueous ferrofluid inside it in the 

form of a nested droplet, and then used a magnet to detach the resulting compound droplet. To repeat the 

experiment for a non-polar liquid (DI water), we used a kerosene oil-based ferrofluid to cloak the primary 

droplet and then detach it. The force obtained from detaching the compound droplet was then used to 

calculate the force of detachment for the original (primary) droplet. Good agreement was observed 

between the forces measured experimentally and those obtained from numerical simulation.  
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Chapter 5. Modeling Droplets in Cassie and Wenzel States over Granular Coatings 

 

5.1 Introduction 

Hydrophobicity of Louts leaves have motivated many studies to apply the leaf morphology on material 

surfaces [Gao and McCarthy 2006] since the hydrophobicity of surfaces has some advantages, such as 

excellent self-cleaning [Extrand 2011], drug reduction [Davis and Lauga 2009] and underwater protection 

of electronic devices [Ganne et al. 2016] among many other applications. The Super hydrophobicity is 

known for having contact angles exceeding 150° and low contact-angle hysteresis (i.e., the difference 

between the advancing and receding CAs) [Samaha et al. 2012]. Two dominant approaches to optimize 

the hydrophobicity which are a combination of surface morphology and/or surface chemical treatment. 

Substrate topology is necessary for developing the hydrophobicity and can potentially alter the wetting 

behavior of the substrate for a given chemical composition, which has been shown through many 

theoretical and experimental works [Que´ re´ 2002; Que´ re´ 2005; Callies and Que´ re´ 2005]. 

 

Understanding the physics of droplet displacement over rough surfaces and the wetting behavior have 

been received much attention since the pioneer works of Cassie-Baxter (CB) [Cassie and Baxter 1944] 

and Wenzel [Wenzel 1936]. When the valleys of the surface roughness are filled with air, the system is 

considered to be at in the CB state. With decreasing the solid volume fraction (SVF), liquid drop penetrates 

into the roughness valleys and may displace the air underneath. This results in losing the hydrophobicity, 

and transition to the fully wetted state so-called Wenzel state.  

Recent studies [Lu et al. 2015; Tie et al. 2015] are focused on the wetting phenomena of droplet on curved 

shape of microstructures. These works detail the measurement of the contact angle of a droplet on a 2D 

microstructures (which is different from the contact angle of the same liquid would form on a 3D pattern).  
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In this study, we extend the analysis to model a droplet sitting on more real surface structures, 3D granular 

protrusions structures having a similar micro-structure to the lotus leaf surface [Yamamoto et al. 2015; 

Extrand and Sung 2014]. Physically, the granular microtexture has some advantages like it is hardly 

involves edges and corners (compared to the pillar microtexture surface for example), and it can be 

fabricated easily. Also, it is difficult to erosion.  

We establish a numerical simulation to model droplet sitting over a 3D granular rough surface to determine 

the apparent contact angle ACA and to investigate the wetting transition from Cassie to Wenzel state. The 

energy minimization approach has been used. This has achieved by using the Surface Evolver (SE) 

software [Brakke 1992] which has been used to study various kinds of interfacial phenomena [Dorrer and 

Rühe 2007; Promraksa and Chen 2012; David and Neumann 2012; Aziz et al. 2017]. The equilibrium 

states of droplet on the rough surfaces are predicted, and their stabilities are analyzed comprehensively. 

The effects of chemistry (Young-Laplace contact angle YLCA) and geometrical parameters for the 

microtexture on equilibrium ACA have been investigated. 

 

5.2 Analytical Formula 

It is well known that, the equilibrium YLCA (𝜃) of a droplet on a flat solid surface first described by 

Thomas Young in 1805. The contact angle of a liquid drop on an ideal solid surface is defined by the 

mechanical equilibrium of the drop under the action of three interfacial tensions: 

cos 𝜃  =
𝛾𝑆𝐴  −   𝛾𝑆𝐿

𝛾𝐿𝐴
                                                                    (5.1) 

where 𝛾𝑆𝐴,  𝛾𝑆𝐿 , and 𝛾𝐿𝐴 are the surface tension at liquid–air, solid–air, and liquid–solid interfaces, 

respectively. For a rough solid surface, there are two wetting states, which are Wenzel state (i.e., liquid 

wets the surface to form a solid–liquid homogeneous interface) and Cassie state (i.e., liquid wets only the 
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top surfaces of the roughness to form a heterogeneous interface of solid–liquid and gas–liquid), see 

Fig.5.1a and 5.1b.  

 

 

Figure 5.1: Schematics of the microstructure geometry of the solid surface with a droplet over it (a) Cassie state on 

hydrophobic spherical bumps. (b) Wenzel state on hydrophilic hemispherical bumps. 

 

 

An ordered array of spherical particles on a flat surface, is shown in Fig. 5.1a and 5.1b. The radius of each 

bump is denoted by 𝑅, and the spacing between each two adjacent bumps is denoted by 𝑆. When the 

droplet size is smaller than the capillary length 𝐿𝑐, which is defined by 𝐿𝑐 = (𝛾 𝜌 )
1 2, where 𝛾 is the 

liquid surface tension,   the gravity acceleration, and 𝜌 the liquid density, the effect of gravity is usually 

negligible [Wolansky and Marmur 1998]. In our simulation, the droplet size is much smaller than the 

capillary length to ignore the effect of the gravity. So, the liquid-air interface is circular because of the 

lack of gravity. Both the liquid drop and the solid surface on which it is placed are immersed in an ambient 

air. 
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5.2.1 Surfaces with ordered particles 

The apparent contact angle 𝜃𝑊, of the homogeneous wetting (fully wetted) state is typically described 

using Wenzel’s equation,  

cos 𝜃𝑊  =  𝑟 𝑐𝑜 𝜃                                                                         (5. ) 

where r is the roughness factor defines as the ratio of the actual solid surface area to its projected area. 

This equation shows that roughness (r > 1) amplifies surface wettability and makes a hydrophilic (𝜃 <

 𝜋  ) surfaces appear more hydrophilic and a hydrophobic surface more hydrophobic. The roughness 

factor for spherical bumps over a flat surface is, 

𝑟 = 1 +
 𝜋 𝑅2 

(𝑆 +  𝑅)2
                                                                   (5.3) 

On the other hand, for the heterogeneous wetting (partially wetted) state, the apparent contact angle 𝜃𝐶𝐵 

is expressed by Cassie-Baxter (CB) equation as  

cos 𝜃𝐶𝐵  =  𝑟  𝑓 𝑐𝑜 𝜃 + 𝑓 − 1                                                        (5. ) 

where 𝑓 is the fraction of the projected of the wetted solid surface area (projected wetted area to the total 

projected solid area), and 𝑟  is the roughness ratio of the wet area (wetted area to projected wetted area). 

For the Cassie-Baxter model, roughness always increases the apparent contact angle and makes any 

surface appear more hydrophobic. In this work for uniform distributed spherical bumps  

𝑟 = 
 [1 − cos 𝛼]

sin2𝛼
                                                                    (5.5) 
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𝑓 =
𝜋 𝑅2 sin2𝛼

[𝑆 +  𝑅]2
                                                                        (5. ) 

When 𝑓 = 1 and 𝑟 = 𝑟, the CB equation turns into the Wenzel equation. The CB equation assumed the 

air-water interface is flat. The wetting angle 𝛼 = 𝜋 − 𝜃 is constant and doesn’t depend on the space 

changing between bumps. For uniform distributed particles and keeping the same size and YLCA for all 

particles, the CB equation will be 

𝑐𝑜 𝜃𝐶𝐵 =   𝜋 [
𝑅 

𝑆 +  𝑅
]
2

[(1 + cos 𝜃) cos 𝜃 + 0.5(sin2𝜃)] − 1                            (5. ) 

 

5.2.2 Surfaces with bimodal particles 

By assuming the particles consists of different materials and distributed uniformity over the substrate, 

each material is characterized by its own surface tension coefficients 𝛾𝑆𝐿,𝑖 and 𝛾𝑆𝐴,𝑖.  The CB equation will 

be 

𝑐𝑜 𝜃𝐶𝐵 = ∑𝑟 ,𝑖 𝑓𝑖  
𝛾𝑆𝐴,𝑖 − 𝛾𝑆𝐿,𝑖

𝛾𝐿𝐴

𝑛

𝑖 1

− 𝑓𝐴                                                   (5.8) 

where 𝑓𝐴 is the ratio of the liquid–air area to the projected area (i.e., air fraction), 𝑓𝐴 = 1 − ∑  𝑓𝑖  
𝑛
𝑖 1 . The 

roughness  ∑ 𝑟 ,𝑖 𝑓𝑖
𝑛
𝑖 1 > 1, is the ratio of the real surface in contact with liquid to its projection onto the 

horizontal plane. Comparing with Eq.5.1, so Eq. 5.8 can be written as 

𝑐𝑜 𝜃𝐶𝐵 = ∑𝑟 ,𝑖 𝑓𝑖 𝑐𝑜 𝜃𝑖
 

𝑛

𝑖 1

− (1 −∑ 𝑓𝑖  

𝑛

𝑖 1

)                                               (5.9) 
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So, particles with two different YLCA 𝜃1 and 𝜃2 but the same size particles, Eq. 5.9 will be written as: 

𝑐𝑜 𝜃𝐶𝐵 =  𝜋 [
𝑅 

𝑆 +  𝑅
]
2

[(1 + 𝑐𝑜 𝜃1)𝑐𝑜 𝜃1 + (1 + 𝑐𝑜 𝜃2)𝑐𝑜 𝜃2 + 0.5(   
2𝜃1 +    

2𝜃2)] − 1    (5.10) 

For the same YLCA 𝜃 particles but for two different sizes 𝑅1 and 𝑅2, Eq. 5.9 will be: 

𝑐𝑜 𝜃𝐶𝐵 = 
𝜋(𝑅1

2 + 𝑅2
2)

[𝑆 + 𝑅1 + 𝑅1]2
[(1 + cos 𝜃) cos 𝜃 + 0.5 sin2𝜃] − 1                               (5.11) 

 

5.3 Results and Discussion 

As mentioned before, this study is reported on determining the ACA and transition from Cassie to Wenzel 

state of droplet sitting on 3D granular microstructures. The energy minimization has been used to interpret 

the wetting phenomena of droplet on that surfaces. The energy minimization theory is generally based on 

calculating the total surface energy for a droplet settling on an open microstructure surface, e.g., an 

isothermal system [Li W, and Amirfazli 2007; Kietzig et al. 2009]. The three-dimensional droplet 

simulations were achieved using the public-domain Surface Evolver software [Brakke 1992], which in 

essence minimizes the system free energy. We first define a suitable design parameter, S (the spacing 

parameter) to correlate the measured apparent contact angles for the transition from Cassie to Wenzel 

state. For any given contact angle 𝜃 for particles and substrate, the equilibrium apparent contact angles of 

the droplet are controlled by the feature spacing. We seek to correlate the apparent contact angle of a 

droplet in Cassie and Wenzel states as a function to the bumps size, distribution and wettability. 
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5.3.1 Wenzel state for hemispherical bumps 

In this section, we considered a droplet in Wenzel state siting on hemispherical bumps as shown in 

Fig.5.1b. By changing the bumps size 𝑅 and spacing 𝑆 but keeping the roughness factor 𝑟 = 1 +
𝜋 𝑅2

(𝑆+2𝑅)2
   

constant (𝑟 = 1.3 9), we studied the effect of bumps availability on the measured ACA for a constant 

droplet volume (𝑉 = 0.1 μ ), see Fig 5.2a-d. 

 

Figure 5.2: Wenzel evolution of free energy as a function of apparent contact angle for the system to reach its 

metastable state on a surface consisting of hemispherical bumps for different bumps radius and spacing (a) 𝑅 =
3 (b) 𝑅 = 5 (c) 𝑅 = 1  (d) 𝑅 =  5,  with keeping the same roughness factor 𝑟 = 1.3 9. The hemispherical bumps 

and the substrate are having the same YLCA 𝜃 =  0𝑜. The red dot lines stand for the CA predicted by the Wenzel 

model (i.e 𝜃𝑊). The red circular symbol is referring to the most stable ACA. 
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To see whether the measured ACA satisfy the Wenzel ACA 𝜃𝑊or not, the results will be discussed in 

relation to the relevant Wenzel angle. The red dot lines stand for the CA predicted by the Wenzel model 

(i.e 𝜃𝑊). Note that the bumps and the substrate in Figure 5.2a-d have the same CA 𝜃 =  0°. 

Figure 5.2a-d show that when the droplet is sufficiently large relatively to the wavelength 𝐿, almost a 

single minimum shows in the energy. The relative size of the drop to the surface wavelength is measured 

as 

𝛾 ≡  𝑉 𝐿3                                                            (5.12) 

where 𝐿 = 𝑆 +  𝑅 for identical bumps distributed uniformly. Figure 5.2a-d show four cases of different 

values of  𝛾 ≈ 137,000, 30,000, 2000, and 200, respectively. With decreasing 𝛾 value, the energy curves 

show more minimum points. The lowest minimum is the most stable one, while the others are metastable. 

The most stable ACA (the red circular symbol in the figures) is of interest here because it is supposed to 

be approximated by the Wenzel equation. The insets show the bottom view of the droplet (at the most 

stable point) is almost circle, so we don’t need to measure the ACA from different views. The most stable 

CAs in these figures turn out to be  1.5°,  1°,   °, and 5 °for the above four values of 𝛾, respectively. The 

most stable ACA in Fig. 5.2a-c are justified by Wenzel CA (𝜃𝑊 =   .5°), however, in Fig. 5.2d the ACA 

is different. To get a clear reason behind that is the approximation predicted by the Wenzel equation is 

sufficiently good when the relative drop size 𝛾 is large. How large is? from the present and previous work 

of [Brando et al. 2003], it appears that the relative size of about 3 orders of magnitude may be satisfactory. 

Intuitively, this observation can be explained by saying that when the relative drop size is sufficiently 

large, the surface appears to be uniform to the drop; therefore, the Wenzel averaging approach is justified.  

Figure 5.3a-d show the ACA determined for a droplet in Wenzel state sitting on hemispherical bumps in 

bimodal configuration (see in inset) with keeping the same roughness 𝑟 = 1.3 9. The black symbols show 

the most stable states, while the dot lines stand for the CA predicted by the Wenzel model. For bimodal 
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hemispherical bumps 𝑟 = 1 +
𝜋(𝑅𝑠

2+𝑅𝐿
2)

2(𝑆+𝑅𝑠+𝑅𝐿)2
 where 𝑅𝑆 and 𝑅𝐿 are radius of small and large bumps, 

respectively. In Fig. 5.3a-b, the droplet is simulated at different bumps radius (𝑅𝑆 = 3 μm, 𝑅𝐿 =   μm, 

and 𝑅𝑆 = 5 μm, 𝑅𝐿 = 15 μm, respectively) to explore the bimodal size configuration effect on the ACA 

with keeping the surface roughness factor 𝑟 and the droplet volume 𝑉 the same. The most stable CAs 

satisfy with Wensel model while 𝛾 > 1000. In Fig. 5.3c-d, for the same bumps sizes (𝑅𝑆 =  .5 μm, 𝑅𝐿 =

10 μm) but different droplet volumes, the most stable CA is closer to Wenzel model as 𝛾 > 1000.  

 

 

Figure 5.3: Wenzel evolution of free energy vs apparent contact angle for the system to reach its metastable state 

on a surface consisting of hemispherical bumps in bimodal configuration with keeping the same roughness factor 

𝑟 = 1.3 9. (a) 𝑅𝑆 = 3 μm,𝑅𝐿 =   μm, 𝑉 = 0.1μ  (b) 𝑅𝑆 = 5 μm,  𝑅𝐿 = 15 μm , 𝑉 = 0.1μ  (c) 𝑅𝑆 =
 .5 μm,𝑅𝐿 = 10 μm,𝑉 = 0.  3 μ   (d) 𝑅𝑆 =  .5 μm,𝑅𝐿 = 10 μm,𝑉 = 0.0033μ  . The inset shows the bumps 

distribution and dimensions. The black dot lines stand for the CA predicted by the Wenzel model (i.e 𝜃𝑊). The red 

circular symbol is referring to the most stable ACA. 
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So, we conclude from Fig. 5.2 and Fig.5.3 that Wenzel model can precisely predict the most stable 

(equilibrium) ACA for different roughness size and configuration unless we take care of the relative drop 

size 𝛾 that is important and it should be approximately about 3 orders of magnitude. That agrees with the 

work of Refs. [Wolansky and Marmur 1999; Brandon et al. 2003] that Wenzel equation is approximation 

which becomes correct only if the size ratio of the droplet to the roughness wavelength is sufficiently 

large. 

 

Figure 5.4: Wenzel state for hemispherical bumps with CA (a) 100° and (b)  0°for bumps and 30° for the substrate. 

The red dot lines stand for the CA predicted by the Wenzel model (i.e 𝜃𝑊). The red circular symbol is referring to 

the most stable ACA. 

 

Figure 5.4a-b show a computational investigation on the effects of different CA between bumps and 

substrate (keeping the same roughness ratio 𝑟 = 1.08, bumps size 𝑅 = 5 μm, and droplet volume 𝑉 =

0.5 μ ) on minima in the free energy of three-dimensional droplets in Wenzel state. In Fig. 5.4a-b, the 

liquid droplet is resting on hemispherical bumps with CA 100° and  0° respectively and substrate CA 

30°. For the roughness ratio 𝑟 = 1.08, and bumps size 𝑅 = 5 μm,  the bumps are far away from each other 

with spacing 𝑆 =    𝑅. So, Fig. 5.4 a-b present the cases of a relatively large drop whose most of triple 
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contact line is in contact with the substrate rather than the bumps. The most stable CAs in Fig. 5.4 a-b are 

3 .  °and  9°, respectively, that is approaching the substrate CA 30 ° where it is smooth; means there is 

no bumps.  We conclude from Fig. 5.4 a-b that the contact angle of minimum energy depends on the 

roughness factor 𝑟 more than the bumps or substrate CA. Because the bumps are far away from each other 

𝑆 =    𝑅, their effect is too small on the droplet shape (ACA). In this case, the contribution of the substrate 

CA has a big effect on the droplet ACA.  

 

5.3.2 Cassie to Wenzel transition for hemispherical bumps 

In this section, we considered a droplet in Cassie state siting on hemispherical bumps as shown in Fig.5.5a. 

By changing the bumps spacing 𝑆 but keeping the bumps size 𝑅, bumps CA, droplet volume 𝑉, and the 

substrate CA all constant, we studied the effect of changing the bumps spacing on the measured ACA and 

the transition from Cassie to Wenzel state, see Fig 5.5b. Figure 5.5b shows the transition from Cassie to 

Wenzel state as a function to the wavelength 𝐿 = 𝑆 +  𝑅  between the bumps under constant volume of 

the droplet. The ACA determined at 0° and  5° views since the projected wetting area is not circular, see 

Figs. Fig. 5.5c-h.  
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Figure 5.5: (a) front view of a droplet in Cassie state sitting on hemispherical bumps obtained from SE simulation. 

(b)ACA measured as a function to wavelength 𝐿 = 𝑆 +  𝑅  for a series of coatings with hemispherical bumps in 

ordered distribution and having similar YLCAs and size. (c)-(h) bottom view of the droplet (its ACA measured in 

b) and the contact line shape for constant droplet volume (𝑉 = 0.5 μ ) but different bumps wavelength 𝐿. The 

droplet is in Cassie state in (c)-(d), while it’s in Wenzel state in (e)-(h). 

 

In Cassie state (𝐿 < 30 μm), the ACA is increasing along with wavelength (Fig. 5.5b) because the wetting 

area is decreasing (the droplet touches less bumps), see the bottom view of the droplet showing in Fig. 

5.5c-d. As you see in Fig. 5.5b, our measured ACA is less than Cassie-Baxter ACA since the last is derived 

for a flat interface and assumed the wetted area fraction is the same in each unit cell. While the reality 

(our study) represents curved interface between bumps. With curved interface the solid wetted area is 

bigger that leads to less ACA comparing to CB apparent contact angle.  
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In Wenzel state (𝐿 ≥ 30 μm), the ACA decreases with wavelength 𝐿 increasing since the contribution of 

the bumps’ support is less with the wavelength increasing. Also, the most stable contact angles determined 

at the two different viewing angles (determined at 0° and  5° views) deviate from the Wenzel CA due to 

the non-circular and corrugated contact line, see Figs. 5.5e-h. Figures 5.5 e-h illustrate that the triple 

contact line is going to a circular shape with increasing the wavelength [Promraksa and Chen 2012], that 

decreases the difference in the ACA at the two different views gradually, see the three-phase contact line 

in Fig. 5.5 e-h with black color for illustration. So, it is interesting to find out that the contact angle is not 

uniform along the contact line and strongly depends on viewing angle to the droplet. Also, it depends on 

whether the droplet is supported by a bump at that view or not.  

 

5.3.3 Cassie to Wenzel transition for spherical bumps 

Increase the wavelength 𝐿 leads to increase the ACA for the droplet, until the critical wavelength that the 

droplet transits to Wenzel state (low hydrophobicity). Fig. 5.6a shows that from materials have equilibrium 

YLCA ∼100°, high ACAs can be achieved only due to the effect of roughness (using spherical bumps). 

We compared our results with Cassie-Baxter equation when the wavelength is less than the critical 

wavelength 𝐿𝑐𝑟      𝑚. As mentioned before, with curved interface the solid wetted area is more that 

leads to less ACA comparing with CB apparent contact angle.  

In Cassie state region 𝐿 < 𝐿𝑐𝑟, using spherical bumps is much better than hemispherical bumps to support 

the droplet from the fast transition to Wenzel state since the solid height in 𝑧 −direction is double in this 

case (𝑧 =  𝑅) comparing with half spheres (𝑧 = 𝑅). For half spheres under the same conditions in Fig. 

5.6a, the critical wavelength 𝐿𝑐𝑟  30  𝑚 (see Fig. 5.5a). The shape of the contact lines for the system 

under Cassie condition is anisotropic shape when the 𝐿 value becomes larger, with keeping the droplet 
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volume the same as shown in Fig. 5.6b-g. That leads to a little difference in the ACA at the two different 

views (0° and  5° with x-axis). 

In Wenzel state region 𝐿 > 𝐿𝑐𝑟, the droplet ACA is close from the substrate CA  0°, showing that the 

bumps don’t have that much effect on the droplet shape because the bumps are too spread out and their 

effect is too small on the droplet shape, see Fig. 5.6h-i. Also, since most of the three-phase contact line 

length will be in contact with the substrate (CA  0°) rather than the spheres (CA 100°), the droplet ACA 

will be close to the substrate CA (see Fig. 5.6 a when 𝐿 > 𝐿𝑐𝑟). Figure 5.6h-i show that the shape of the 

contact lines for the droplet in Wenzel state is circular that leads to no difference in the ACA at different 

views (0° and  5° views). 
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Figure 5.6: (a) The ACA as a function of wavelength 𝐿 

between particles (determined at 0° &  5°viewing angle 

with x-axis) with YLCA 100° and  0°for particles and 

substrate, respectively. (b)-(g) bottom view of droplet in 

Cassie state its ACA is showing in (a). (h)-(i) bottom view 

of droplet in Wenzel state with wavelength  0 μm and 

80 μm, respectively. 
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By making a rough surface from a hydrophilic material, very high ACAs can be achieved only due to the 

effect of roughness (using spherical bumps) as shown in Fig. 5.7. Three-dimensional droplet is sitting over 

bumps with CA 85° and the substrate CA  0°.  The ACA can reach 155° just because of increase the 

spacing between spherical bumps. However, the critical wavelength (𝐿𝑐𝑟  5   𝑚)  is less than the case 

of bump CA 100° (comparing with Fig. 5.6a, the same particles size and distribution), because of the 

spheres are more philic that causes transition to Wenzel state with a small wavelength. 

 

 

Figure 5.7: The droplet apparent contact angle as a function of wavelength 𝐿 between particles (determined at 0° 
&  5°viewing angle with x-axis). The particles and substrate are hydrophilic with YLCA 85° and  0°, respectively.  

 

Figure 5.8 shows the partial and fully wetting regions of chemically patterned surfaces. It presents the 

dependence of the ACA on the material wettability, quantified by YLCAs. Three-dimensional droplet in 

equilibrium with 3D pattern of chemical heterogeneity structure is computed and showed in Fig. 5.8. The 

chemical heterogeneity pattern consists of a periodic arrangement of particles of two types of chemistries 

(YLCAs) (100° &  0° in bimodal distribution). The inset shows an example of particles with a square 
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arrangement with different contact particles. The contact line of the droplet with the chemically 

heterogeneous surface has the freedom to adapt its local shape to conform to the condition that the local 

contact angle (CA) should conform to the value of the Young CA, assuming that line tension is negligible 

because it is important only for extremely small drops [Marmur 2006].  

 

By looking to the results of Fig. 5.8 carefully, it seems that apparent contact angles of droplet and the 

critical wavelength (𝐿𝑐𝑟  5   𝑚) are similar to that predicted in Fig. 5.7 for particles with CA 85°. As 

a result, the bimodal chemical heterogeneity pattern is equivalent to the average of their bumps YLCAs. 

Note that the droplet volume (𝑉 = 0.5 μ ), particles size (𝑅 = 5 μm), and substrate CA (𝜃 =  0°) are the 

same in both Figs. 5.7 and 5.8. All the particles in Fig. 5.7 having the same CA (𝜃 = 85°), but the particles 

in Fig. 5.8 are in bimodal chemical pattern and having two different CAs (100° and  0°). 

 

 

Figure 5.8: The apparent contact angle as a function of wavelength (determined at 0° &  5°viewing angle with x-

axis) for two different particles YLCA (100° and  0° in bimodal distribution) and the substrate CA is  0°. The inset 

with two different color particles refers to two different YLCA.  
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Figure 5.9 shows contact angle as a function of spacing for two different particles radius (5 μm and 10 μm) 

in bimodal configuration, as you see at the top inset. The big differences in the most stable contact angle 

that determined at 0° &  5°viewing angle (rounded by ellipse in the same figure) because of the 

anisotropic wetting behavior us you see in the bottom insets. It is obvious that the liquid–solid contact 

area is not circular, as shown in insets, especially for 𝐿 ≥  0 μm. The shapes of the liquid–solid interface 

strongly deviate from the circular shape and exhibit almost a diamond or square shape. This unusual and 

non-circular shape of the liquid–solid contact area is an outcome of wetting behavior along different defect 

density in perpendicular and diagonal directions of a square-arrays roughness pattern [Courbin et al. 

2007]. Therefore, the contact angle of the final configuration of a liquid droplet strongly depends on 

viewing angle. That in consistent with Ref. [Promraksa and Chen 2012] which found that the contact angle 

variation around the droplet exhibits a periodic pattern repeated every 90°. So, the distortion of three-

phase contact line by the roughness cannot be ignored.  

 

Figure 5.9: The droplet ACA as a function of wavelength (determined at 0° and  5°viewing angle). The droplet is 

in Cassie state with volume of  𝑉 = 0.5 μ  sitting on spherical particles in bimodal distribution with two different 

radii (5 μm and 10 μm). All the particles are having the same YLCA 100°. The top inset is showing the particles 

distribution and how the wavelength 𝐿 is considered. The wave length in this figure is 𝐿 =  + 𝑅𝐿 + 𝑅𝑆. 
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The three-dimensional droplet shape in Cassie state is simulated and showed in Fig. 5.10 sitting on spherical 

particles in bimodal configuration. Figures 5.10a-b are showing the droplet bottom and front views, 

respectively, for constant volume droplet 𝑉 = 0.5 μ  sitting on spherical particles at different wavelength. 

Decreasing the wavelength reveals that the contact lines approach a circular shape. Note that the measured 

ACAs for the droplet showing in Figs. 5.10a-b are showed previously in Fig. 5.9. 

 

 

 

Figure 5.10: The images of (a) bottom (b) front views of a liquid droplet in the Cassie state for different wavelength 

𝐿. The liquid–solid contact area is illustrated by white area and the liquid–air interface is illustrated by blue area, 

the particles large and small radius 5 μm and 10 μm in bimodal configuration,  it  𝐿 =  + 𝑅𝐿 + 𝑅𝑆 and the same 

droplet size 𝑉 = 0.5 μ . All the particles are having the same YLCA 100°. 
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5.3.4 Force balance analysis 

Figure 5.11a shows the forces balance for the meniscus surrounding a spherical particle. The interaction 

between the droplet and bumps is more complicated, since the cross-section of the bumps changes as the 

droplet moves in the y-direction. Therefore, magnitude of the surface tension force 𝐹𝜎 changes depending 

on the height at which the interaction is located, characterized by the angle 𝛼, as can be seen in 5.11a. In 

our simulations, we considered the curvature of the air-water interface between the particles. So, to get 

the curvature of the interface, we should calculate the wetting angle 𝛼. Our derivation for the wetting 

angle 𝛼 is based on the vertical forces balance, between the hydrostatic pressure   inside the droplet which 

act on the spheres and the capillary force 𝐹𝜎 which is a function to the surface tension 𝜎 and contact angle 

and acts on the circular three-phase contact line. From Fig. 5.11a, it can be seen that the capillary force 𝐹𝜎 

is directed upward to recede the interface to the top of the particles, forming a composite solid-liquid-air 

interface. By applying forces balance in the y-direction at the three-phase contact line, the force balance 

analysis can be written as, 

  (Interfacial area) = 𝜎 (contact line length) sin(𝜃 + 𝛼 − 𝜋)                            (5.13) 

or 

  (𝐿2 − 𝜋 𝑅2 sin2𝛼) = − 𝜎( 𝜋 𝑅 sin 𝛼) sin(𝜃 + 𝛼)                                    (5.14) 

where   is Laplace pressure; which is the pressure difference between the inside and outside of a curved 

interface between liquid and gas region  =
2 𝜎

𝑅𝑑𝑟𝑜𝑝
 , 𝑅𝑑𝑟𝑜𝑝 is the droplet radius. By considering the droplet 

volume 𝑉  =
4

3
𝜋 (𝑅𝑑𝑟𝑜𝑝)3 is constant and equal to 0.5 μ , the Laplace pressure  =  9    . The air 

pressure is usually assumed to be constant and equal to the ambient one. Figure 5.11b shows the angle 𝛼  

calculated for a droplet in Cassie state using Eq. 5.14 at different wavelength 𝐿. As can seen,𝛼  increases 

along with the wavelength, until it becomes almost constant when the droplet is about to transient to 
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Wenzel state. Note that droplet volume 𝑉 = 0.5 μ  and the spherical particles are in a uniform distribution 

having the same size 𝑅 = 5 μm, and the same YLCA 𝜃 = 100°. The critical wavelength is 𝐿𝑐𝑟 =

   μm.The results of Fig. 5.11b are for the case showed previously in Fig. 5.6. 

 

  
 

Figure 5.11: (a) the force balance analysis on the gas–liquid meniscus surrounding a spherical particle. Here, the 

component 𝐹𝜎,𝑦 denotes the surface tension force applied upward of the interface. (b) angle 𝛼  calculated by our 

analytical method at different wavelength 𝐿. The droplet in Cassie state with volume 𝑉 = 0.5 μ  and the spherical 

particles are in a uniform distribution having the same size 𝑅 = 5 μm, and the same YLCA 𝜃 = 100°. The results 

of (b) are for the case showed previously in Fig. 5.6. 

 

As granular coatings, it is better to describe the pressure inside the droplet in terms of solid volume fraction 

(ε) we reformulated Eq. 5.14 in terms of the solid volume fraction for convenience; 

  =
−  𝜎  sin 𝛼  sin(𝜃 + 𝛼)

𝑅 (
 
  𝜀 − sin

2𝛼)
                                                       (5.15) 

where the solid volume fraction 𝜀 for the surface with ordered particles is calculated as 𝜀 =
2𝜋 𝑅2

3 𝐿2
. To get 

the transition from Cassie to Wenzel state analytically, we should calculate the critical angle 𝛼𝑐𝑟 at which 

the hydrostatic pressure   is maximum and the surface departs from the Cassie state because the 

hydrostatic pressure becomes larger than the surface tension force beyond this point, and so the meniscus 
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can no longer withstand the pressure. As a result, the particles becomes immersed in water. This can affect 

the drag reduction significantly, or may even cause an increase in the skin-friction drag force. As a result, 

the hydrophobicity starts to diminish. The critical angle can be obtained by setting (
𝑑 

𝑑𝛼
)|
𝛼 𝛼𝑐𝑟

= 0 

 

[cos 𝛼𝑐𝑟 cos (
3𝜋

 
− 𝜃 − 𝛼𝑐𝑟) + sin 𝛼𝑐𝑟 sin (

3𝜋

 
− 𝜃 − 𝛼𝑐𝑟)] (

3

 𝜀
− sin2𝛼𝑐𝑟) 

+ sin2𝛼𝑐𝑟 cos 𝛼𝑐𝑟  cos (
3𝜋

 
− 𝜃 − 𝛼𝑐𝑟) = 0                                                                (5.1 ) 

As can be seen from Eq. (5.16), the critical angle 𝛼𝑐𝑟 is only a function of the solid volume fraction 𝜀. 

Figure 5.11b shows the critical angle 𝛼𝑐𝑟 = 1 9
° calculated at the critical wavelength 𝐿𝑐𝑟 =    μm.   

 

 

 

Figure 5.12: (a)-(c) Front slice view for the droplet that shows in Fig. 5.6 b, d, and g, respectively. That view 

determined at 0° viewing angle with x-axis.  

𝐿 =  0 μm 𝐿 =    μm𝐿 =  0 μm

𝛼𝑐𝑟 = 110
°

(a) (b) (c)
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Figure 5.12a-c show a slice view of the droplet in Cassi model (that was shown in Fig. 5.6 b, d, and g, 

respectively) determined at 0° view angle. With increasing the spacing between the particles, the droplet 

goes down more and the interface between particles becomes curved more. Until the droplet is to be so 

close from touching the substrate at the critical wavelength (𝐿𝑐𝑟     μm when the CA of all particles is 

100°). Under this condition, the measured critical immersion angle 𝛼𝑐𝑟 is 110°, while from the force 

balance analysis (Eq. 5.16) 𝛼𝑐𝑟 = 130
° at wavelength 𝐿 =   μm . The 𝛼𝑐𝑟 that comes from Eq. 5.16 can 

be happened as the pressure inside the droplet is equal to the critical pressure, while in our simulation 𝛼𝑐𝑟 

defined as the angle the droplet touches the substrate. That can be happening under the sagging pressure 

that is less than the critical pressure. That explain the small immersion angle under the sagging pressure 

(see [Aziz et al. 2017] for more details). The pressure inside the droplet should be uniform since the air 

under the droplet is connected to the atmosphere with pressure uniform and equal to the atmospheric 

pressure. So, the curvature should be the same for all liquid-air interfaces; that is, the curvature of the 

liquid-air interfaces between bumps must equal that of the outside surface of the drop. But because of the 

droplet radius is much larger than the roughness scale, the curvature of the liquid-air interfaces inside the 

roughness valleys is much lower than that of the roughness features. In addition, these interfaces have to 

adjust their shape in such a way that the actual contact angle with each particle is satisfy the YLCA 

[Wolansky and Marmur 1998]. 
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5.3.5 Modeling Droplet Displacement over Granular Coatings in Cassie State 

Water droplet with volume 𝑉 = 0.5 μ  in Cassie state is sitting on granular surface. We applied a 

horizontal force on the droplet and measured the detachment force. We define the droplet detachment 

force here as the force needs to move the droplet on the surface forever. Means, we applied small 

horizontal force on the droplet and increased it gradually until the droplet leaves its equilibrium position 

totally. We noticed that with applying small force, the droplet starts detaching from the side opposite to 

force direction (the left droplet side in Fig. 5.13 and the applied force in the right direction).  

There are different ways to define the detachment force according to the particles size and contact angle. 

Figure 5.13a-b show a droplet sitting on uniform distribution particles with radius 𝑅 = 5 μm. With 

applying a small force 𝐹1 in the right side of the droplet, the droplet starts receding from the left side 

without touching new particles on the right side. So, that force 𝐹1is less than the detachment force. We 

increased the force until the droplet touches a new particle from the right side, that force is the detachment 

force 𝐹2. Its worth to mention that with applying 𝐹2 the droplet keeps rolling on the surface and touching 

new particles without stopping.  

For Bimodal contact angle particles (Fig. 5.13c-d), the equilibrium droplet sits on philic particles. With 

applying force, the droplet recedes from the philic to phobic particles and the force still less than the 

detachment force, until it touches a new philic particles with increasing the force that will be the 

detachment force. Foe bimodal particles size (Fig. 5.13e-f), the equilibrium droplet sits on large particle. 

With applying force, the droplet recedes from large to small particles and the force still less than the 

detachment force, until it touches a new large particle with increasing the force that will be the detachment 

force.  
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Figure 5.13: Water droplet with volume 𝑉 = 0.5 μ  in Cassie state sitting on granular surface with different 

configurations. (a) and (b) the same particles size 𝑅 = 5 μm, and the same contact angle 𝜃 = 100°. (c) and (d) the 

same particles size 𝑅 = 5μm, but bimodal particles contact angles 𝜃1 = 100
°and 𝜃2 =  0

°. (e) and (f) bimodal 

particles size 𝑅1 = 5 μm and  𝑅2 = 10 μm, but the same contact angle 𝜃 = 100°. 
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Figure 5.14: Water droplet with volume 𝑉 = 0.5 μ  in Cassie state sitting on granular surface. With increase the 

spacing   between the particle: the red line shows the droplet detachment force over particles radius 𝑅 = 5 μm and 

contact angle 𝜃 = 100°, the blue line shows the droplet detachment force over particles radius 𝑅 = 5 μm and 

bimodal contact angle 𝜃1 = 100
° and 𝜃2 =  0

°, and the green line shows the droplet detachment force over bimodal 

particles radii 𝑅1 = 5 μm and 𝑅2 = 10 μm and contact angle 𝜃 = 100°. 
 

Figure 5.14 shows how the detachment force of the droplet is decreasing with increase the spacing between 

the particles. The red line shows the detachment force for droplet over particles radius 𝑅 = 5 μm and 

contact angle 𝜃 = 100°.With decrease the particle contact angle, the detachment force is increasing, but 

the critical spacing (the maximum spacing between the particle before the droplet touches the substrate) 

is decreasing since the interface between the particles will be curved more, see the blue line in Fig. 5.14. 

While with increase the particles size by doing bimodal, the detachment force is increasing more since the 

wetted area is increasing that needs more force to move the droplet over the particles, see the green line 

in Fig. 5.14. That increases the critical spacing, too. So, we suggest to increase the particles size instead 

of decreasing the particles contact angle to increase the detachment force and the critical spacing at the 

same time. Note that the gravity force is involved in this task. 
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5.4 Conclusions 

This study dedicated for modeling apparent contact angle (ACA) of a droplet sitting on rough surfaces 

that are produced by placing granular protrusions (resembles natural SHP surfaces) arranged over a flat 

surface. The ACAs of the droplet are obtained at two different surface roughness (spherical and 

hemispherical bumps) and has been numerically investigated and carefully examined for Wenzel and 

Cassie model by using the Surface Evolver to perform the energy minimization. It is demonstrated that 

bumps’ radius and intrinsic CA play a significant important role in the droplet ACA. Wenzel equation can 

predict the droplet ACA on a rough surface unless the relative size of the droplet volume to the surface 

wavelength is about 3 orders of magnitude. Increasing the roughness wavelength leads to an increase in 

the magnitude of the droplet apparent contact angles in Cassie state, but to decreasing the droplet ACA in 

Wenzel state. 

For Wenzel and Cassie model, for a large wavelength between bumps, the ACA strongly depends on 

viewing angle since the shape of the contact line is not perfectly circle. Variation of the most stable contact 

angle as a function of viewing angle is due to distorted contact line. Distortion of the contact line by 

structure of the roughness maybe ignored if the size of droplet is very large compared with the size of 

roughness structure.  
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Chapter 6. Overall Conclusion 

 
Experiment and numerical simulation were conducted to study the effects of fiber diameter, fiber YLCA, 

and droplet properties on the force required to detach a droplet from a fiber. We developed for the first 

time a semi-empirical correlation (see Eq. 2.15) that can predict the droplet detachment force from a fiber 

without the need for running an experiment or a computer simulation for YLCAs greater than about  0°. 

Considering a free body diagram for a droplet at its final equilibrium state under an external force on a 

fiber, it was found that droplet pressure plays an important role in the balance of forces acting on the 

droplet.  

 

A new method to measure the YLCA of a fiber (i.e., the intrinsic CA of the material from which the fiber 

was made) is developed in this study. Experimental and computational results were produced to show that 

the CA measured from the longitudinal view for a droplet in the clamshell conformation on a fiber 

represents the YLCA of the fiber. It was also shown that the proposed measurement method is independent 

of the volume of the droplet used for the experiment, or the magnitude of the external body force acting 

on the droplet. The droplet-volume-independence is an important attribute of the proposed method, which 

is in contrast to the commonly-used inflection-angle method. In addition, the proposed method can be 

used with both wetting and non-wetting fibers, which is also in contrast to many previous methods. Our 

experimental results were compared with data from numerical simulation or alternative experimental 

methods and good agreement was observed.  

 

In this work, we present a new approach to obtain the force required to detach a nonmagnetic droplet from 

a fiber using a magnetic force, for the first time. This method allows one to measure the force of 

detachment without the need for using an external object, an airflow, or a centrifugal device. The proposed 
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method is based on creating a compound droplet comprised of the droplet of interest (primary fluid) and 

a ferrofluid (secondary fluid). The force obtained from detaching the compound droplet was then used to 

calculate the force of detachment for the original (primary) droplet. Good agreement was observed 

between the forces measured experimentally and those obtained from numerical simulation.  

For a droplet sitting on a granular coating, we found that Wenzel equation can be used to predict the 

droplet ACA on a rough surface unless the relative size of the droplet volume to the surface wavelength 

is about 3 orders of magnitude. Also, increasing the roughness wavelength shows an increasing in the 

droplet apparent contact angles in Cassie state, but decreasing the droplet ACA in Wenzel state. 
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Appendix A 

 

Steps Considered to Produce a Compound Droplet on a Horizontal Fiber 

The steps considered for producing a compound droplet on a horizontal fiber are as follows. With the fiber 

mounted horizontally on two stands (on the scale), an oil droplet with the desired volume was produced 

using a syringe pump.  

 

FIG. A1.  The steps considered to produce a compound droplet on a horizontal fiber. 

 

The droplet was then transferred to the fiber using the syringe. An aqueous ferrofluid droplet was then 

produced and brought into contact with the oil droplet that will capsulate the ferrofluid droplet because 

the surface tension difference toward creating a compounded droplet (see Figure A1). 

 

 

 

 

𝑉𝑠𝑜 = 3μ ,𝑉𝑤 = 1μ 
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Droplet Detachment vs. Droplet Breakup 

Following the approach discussed in [Tadmor et al. 2017], we used the work of adhesion W to judge if 

the measured forces are for liquid–liquid break-up or for droplet–solid detachment, i.e.,  

𝑊 =
𝐹

𝐿
                                                                     (A1) 

where 𝐹 is the maximum force measured, and 𝐿 is the length of the droplet contact line on the fiber. For 

the latter, we use an equation developed in our previous work [Farhan and Tafrehsi, 2018], 

𝐿 =  𝜋 √
(𝛽𝑟)2+(𝑙𝑓 2)

2

2
                                                           (A2) 

where 𝛽 (in radian) is the azimuthal angle between the negative vertical axis and the top of the contact 

line on the fiber and 𝑙  is the transverse projection of the wetted length of the fiber on its lower side as 

shown in the figure below. Also, see the discussion of Fig. 2.5c for more information. 

 

 

FIG. A2 shows the fiber’s wetted length 𝑙 and azimuthal angle 𝛽 for a droplet hanging from the fiber at the 

detachment moment,  

 

For instance, for silicone oil droplet with a volume of 3 µL detaching from a fiber with a diameter of 

381 μm (Figure 4.3a in chapter 4), we obtain 𝑊 =
𝐹

𝐿
=
4   μN 

4 mm
= 0.01 

N

m
  which is smaller than the surface 
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tension of the silicone oil used for the experiment  𝜎𝑠𝑜 = 0.0 
N

m
. We therefore conclude that the force 

obtained from the experiment the force needed for droplet–solid detachment.  Similarly, for the 

detachment of a ferrofluid-cloaked water droplet from the fiber shown in Figure 4.5 (water and ferrofluid 

volumes are 4 µL and of 0.3 µL, respectively, and fiber diameter is 457 µm), we obtain 𝑊 =
 𝑤−𝑜𝑓

𝐿
=

7   μN 

4 mm
= 0.0 

N

m
  which is smaller than the surface tension of the compound droplet used in the experiment 

 𝜎𝑤−𝑜 = 0.0 
N

m
.  
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