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ABSTRACT 

An Experimental and Theoretical Investigation of Pressure-Induced Wetting 

Transitions  

Zain Ahmad 

 

A number of industries suffer from inefficient use of energy resources due to frictional drag 

manifesting at solid-liquid interfaces. A simple method to reduce frictional drag under laminar 

flow conditions is to entrap air at the liquid-solid interface – in wetting state known as Cassie state. 

Over time, however, the entrapped air can be lost, and the Cassie state transitions to the fully-filled 

or the Wenzel state, thereby increasing the frictional drag dramatically. In particular, many 

practical applications expose surfaces to elevated pressures, and it is thus crucial to investigate 

pressure-induced Cassie-to-Wenzel transitions in gas-entrapping microtextured surfaces. 

However, there is a dearth of experimental techniques that can provide high-resolution optical 

images during wetting transitions at elevated pressures. In this thesis, we address this challenge 

designing and developing an inexpensive and robust pressure device that can act as an accessory 

for confocal laser scanning microscopy (CLSM). Equipped with this platform, we set out to 

visualize Cassie-to-Wenzel transitions in FDTS-coated circular doubly reentrant cavities (DRCs) 

and simple cavities. We demonstrate that on immersion in water, DRCs stabilize water-air 

interface, such that on the application of the external pressure as water penetrates into the DRCs, 

the liquid meniscus at the inlet remains pinned. In stark contrast, in SCs the water meniscus does 

not get pinned at the inlet, and it keeps on advancing with the increasing pressure along the cavity 

walls. Since localized laser heating in CLSM can influence wetting transitions, we utilized another 
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custom-built pressure cell connected with upright optical microscopy as a complementary 

platform. We investigated the following wetting transitions: (i) breakthrough pressures (BtPs), 

defined as the pressure at which the liquid-vapor meniscus touches the cavity floor, by gradually 

ramping the external pressure, and (ii) wetting transitions at fixed pressures below the BtP. To 

understand the physical mechanisms underlying our experimental results, we utilized the Fick’s 

diffusion model and found that the consideration of air diffusion into water under elevated 

pressures is crucial. To conclude, we hope that the experimental and theoretical results presented 

here would advance the rational development of robust gas-entrapping microtextured surfaces for 

a myriad of applications. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Introduction to Wetting 

Wetting refers to a purely physical phenomenon wherein a liquid interacts with a solid surface that 

is in contact with a gas or an immiscible liquid1. Depending on the interfacial tensions, surface 

roughness, and elastic properties of the solid, a wide range of outcomes are possible as a function 

of time2-4. Wetting manifests all over the natural world – raindrops splashing environmental 

surfaces and water seeping into ground2. Animals and plants have evolved fascinating strategies 

to exploit wetting for a myriad of crucial functions, such as condensing water5-7 and specifically 

directing it to plant roots8-9 or animals’ mouth10, removing unwanted condensed water8, 11-13, 

staying clean14, breathing underwater15, reducing frictional drag16, resisting fouling17-18, preying19, 

and evading predators at the water-air interface,20 among others. Inspired by nature, a wide range 

of technologies for achieving liquid-repellence have been developed during the course of last 

century, such as for preventing condensation21-23, harvesting fog11, 24-25 and directional movement 

of condensed water8 and rain drops26, self-cleaning surfaces27 for solar-cells28-29, mirrors30-31, 

textiles32-33, windshields31, roof tiles34, food containers35, anti-smudge surfaces36, anti-icing37, 

frictional drag reduction in piping networks38-45and marine locomotion39, 42, 44, 46, mitigating 

biofouling and scaling47-49, water desalination by membrane distillation50-52 and interfacial solar 

heating53, oil-water separation54-55, membrane gas absorption56-57, novel socks for hyperhidrosis 

patients that suffer from increased sweating58, biomedical devices for blood clotting59, smart 

bandages for expedited wound recovery60, and microfluidic devices for bioanalysis61-62, among 

others. The scope and potential of engineering surfaces with controlled wetting properties have 
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dramatically expanded into a fast-growing hot multidisciplinary translational field of research. 

While designing these applications, their characterization is done commonly by contact angles, 

which we explain next in detail, and by studying their behavior on immersion in probe liquids. 

While much progress has been made in measuring wetting transitions during contact angle 

measurements, investigation of wetting transitions on immersion has been lagging, especially at 

elevated pressures. In response, we introduce a reliable, low-cost technological platform to 

investigate wetting transitions in microtextured surfaces towards deeper insights into the 

underlying factors and mechanisms. 

 

1.2 Contact angles 

In this work, we investigate wetting of smooth and microtextured surfaces by measuring and 

predicting apparent contact angles, following the terminology proposed by Marmur et al.63 When 

a drop of a liquid is placed on a homogeneous flat surface under its saturated vapor, a solid-liquid-

gas triple interface is generated.64-65 Conceptually, contact angles are quite meaningful in 

understanding the wetting and spreading of liquids on surfaces. For instance, at thermodynamic 

equilibrium the contact angle will ascribe to a situation wherein, (i) the forces (tangential and 

normal) acting on the contact line are balanced, and (ii) the geometry/configuration corresponds 

to the global minimum on the free energy of the surface.66 In 1805, Thomas Young proposed that 

contact angles could be interpreted on the basis of balancing forces at the liquid-air interface, that 

became known as the famous Young’s equation: 𝛾LV cos 𝜃o = 𝛾SV − 𝛾SL (Figure 1-1)67, where 𝜃o 

is the Young’s contact angle, 𝛾LV is the surface tension of the liquid, 𝛾SV is the surface tension of 

the solid, and 𝛾SL is the solid-liquid interfacial tension. When a sessile drop placed on a surface is 
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imaged from the side, the “contact angle” is measured between (i) the tangent to the liquid drop at 

the “contact line” and the horizontal, or (ii) the spherical fit into the drop silhouette and the 

horizontal at the contact line (Figure 1-1). These tasks – imaging and curve-fitting – are 

accomplished by commercially available contact angle goniometers and image analysis software. 

 

Figure 1-1: (A) Isometric schematic of a sessile liquid drop placed on a smooth, homogeneous, 

and flat solid under its saturated vapor, forming a contact line. (B)  Theoretical or intrinsic or 

Young’s contact angle (𝜃o) refers to the balance of forces arising from the tensions at the SV, LV, 

and SL interfaces (Young’s equation). 

 

The Young’s contact angle, 𝜃o, for a liquid-solid-air system is difficult to measure in real systems 

because it is not possible to know when the system reaches its thermodynamic equilibrium and 

real surfaces are seldom molecularly smooth, leading to defect/pinning sites.63, 68-69 However, 

experiments can help one identify easily a range for “apparent contact angles” that refer to meta-

stable equilibria in the vicinity of the global thermodynamic equilibrium. The range lies between 

apparent advancing and receding contact angles, 𝜃A and 𝜃R, respectively, which are measured by 

increasing and reducing the volume of a sessile liquid drop using a capillary tube inserted inside 

the droplet at controlled rates. In fact, depending on the surface heterogeneity – chemical or 
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topographical – and the rates of advancement/retraction, 𝜃A and 𝜃R vary significantly and thus 

inform about the characteristics of the surface.70-71 Next, we discuss the effects of surface 

roughness on wetting. 

Consider the following two scenarios when a liquid drop is placed on a rough surface: (i) liquid 

fully penetrates the asperities/cavities (Figure 1-2 [A-B]). and (ii) liquid is not able to penetrate 

the cavities and they entrap air (Figure 1-2 [C-D]). If the volume of the asperities/cavities (beneath 

the droplet) is negligible in comparison to the volume of the drop, it is easy to show using a 

thermodynamic analysis that the apparent contact angle 𝜃r, surface roughness, r, and the Young’s 

contact angle are related by the Wenzel’s model: cos 𝜃r = 𝑟 × cos 𝜃o.72-74 Please, note that we 

define surface roughness as the ratio of the real surface area of liquid-solid contact to the projected 

surface area (top view). Wenzel’s model thus reveals that at thermodynamic equilibrium, the 

apparent contact angle of a rough surface will be lower/higher than the Young’s angle for a 

wetting/non-wetting surface75.  

 



17 

 

Figure 1-2: Illustration of Wenzel and Cassie wetting states. (A-B) Wenzel state: liquid fully fills 

the asperities or cavities on the surface. (C-D) Cassie state: the microtexture entraps air, which 

prevents liquid from penetrating inside. 

 

In other words, the Wenzel model explains why roughening a wetting surface would render it even 

more wetting and vice versa. This statement underlies a crucial design principle of liquid-repellent 

surfaces, which we discuss next. 

When the liquid is not able to penetrate inside the cavities on the surface due to robust entrapment 

of air inside them, the surfaces tend to repel liquids (Figure 1-2 [C-D]). Numerous animals and 

plants combine waxy coatings and surface roughness, such that they robustly entrap air on 

immersion in water or when water drops are placed on them.6, 75-80 In this scenario, the Cassie and 

Baxter model 81-83 relates the apparent angles to the Young’s angle by the formula, cos 𝜃r =

𝜙LS cos 𝜃o − 𝜙LV, where 𝜙LS and 𝜙LV are the liquid-solid and liquid-vapor area fraction (ratio of 

contact area to the projected surface area)2, 66, 84. It is interesting to note in the above relation that 

the apparent contact angle is the weighted average of the cosine of Young contact angles75 (on-air, 

cos 180° = −1). 

 

1.3 A Classification of Liquid-Repellent Surfaces Based on Contact Angles 

Due to the ease of measuring apparent contact angles, the criteria for quantifying the liquid-

repellence of solid surfaces are based on measuring contact angles – advancing, A, receding, R, 

and (advancing) apparent, r – of sessile droplets of water and apolar liquids (e.g. hexadecane) in 

air. Surfaces are categorized as ‘omniphobic’, if for both water and hexadecane, r > 90 85-86; they 
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are ‘superomniphobic’ if, for water and hexadecane, r > 150 and A - R < 20 87 ‘hydrophobic’, 

if for water, r > 90  2, 88; and ‘superhydrophobic’, if for water, r > 150 and A - R < 20 89. 

 

1.4 Coating-Based Repellence – Pros and Cons 

Typically, engineering surfaces are rendered hydrophobic or superhydrophobic by coating them 

with perfluorocarbons, such as polytetrafluorethylene (PTFE) and polyvinylidene difluoride 

(PVDF)30-31, 55. Similarly, for realizing omniphobicity and superomniphobicity, charged 

perfluorocarbons, such as perfluorooctanoic acid are utilized.85, 90-91 These chemical make-ups 

ensure that the liquid-solid interfacial tension is high, typically in the range, 𝛾SL > 50 mJ/m2. Thus, 

the combination of coatings and surface roughness/microtexture ensures the entrapment of air as 

drops are placed on them or the surfaces are immersed in water.  However, coatings also suffer 

from drawbacks, such as their cost and environmental impact92, along with their vulnerability to 

organic fouling,93 long-term immersion in water,4, 94 heat and chemicals,95 and abrasion96, which 

limit their applications. Yet coating-based liquid-repellent technologies continue to dominate the 

market. It is thus crucial to investigate wetting as a function of time, which we discuss next. 

 

1.5 Cassie-To-Wenzel Wetting Transitions in Microtextured Surfaces 

Even though the entrapment of air at the liquid-solid interface (Cassie-states) serves numerous 

practical applications, maintaining this state and avoiding transitions to the fully-filled or the 

Wenzel state is crucial. These Cassie-to-Wenzel transitions can occur due to a number of factors 

such as mechanical vibrations97, external pressure98-99, mechanical impact100, or due to the 
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dissolution of the trapped gas over time99, 101. In this thesis, we investigate Cassie-to-Wenzel 

transitions in water-repellent surfaces submerged in water as a function of hydrostatic pressure. 

We explore how the perfect air-filled Cassie-state transitions through impregnated-Cassie states, 

where the liquid-air interface penetrates inside the microtextures,101 eventually reaching the 

Wenzel state. These wetting transitions could prove to be harmful, for example, in separation 

technologies102-103 and drag reduction104. 

To understand the factors and mechanisms underlying wetting transitions under immersion, 

researchers have employed direct visualization techniques98, 101, 105. Standard upright optical 

microscopes have been utilized for opaque substrates for generating 2D images. 106-109 However, 

this approach lacks quantitative information about the curvatures and pinning of the liquid-air 

interface106-109. Optical microscopy has been utilized to track the position of the liquid-gas 

interface by employing interferometry, but this approach is restricted to transparent samples110-111. 

Xu et al. studied the wetting transmission and calculating the penetration depth in nanostructured 

silicon with the help of optical reflectance measurements112. The diffraction of light has also been 

utilized to estimate the profile of the liquid-air interface in transmission and reflection modes113-

115. Other imaging techniques, such as TEM, environmental scanning electron microscopy, and 

AFM are also incapable of producing the image of the liquid-air interface beneath the liquid116. 

Recent studies also provide a non-destructive and non-invasive in-situ imaging technique to realize 

the liquid interface using confocal microscope106, 116-121. More advanced and complicated 

tomographic setups include the use of X-rays122 and acoustic waves123 to track the progression of 

the interface in hierarchical microtextures. More recently, the confocal laser scanning microscope 

(CLSM) has also been utilized in materials science and engineering to investigate wetting 

transitions on microtextured surfaces. For instance, researchers have analyzed time-dependent 



20 

 

pore filling4, estimated contact angles119, visualized Cassie to Wenzel transitions124, measured line 

tensions119, and estimated “cloaking” in slippery liquid infused porous surfaces (SLIPS)125-126, 

among others. However, these investigations have been limited to ambient conditions, i.e. 

atmospheric pressure, because of the design of current CLSM. Specifically, the axial movement 

of the liquid-immersed objective lens in CLSM complicates the application of pressure while 

imaging. Thus, to analyze the effects of pressure on wetting transitions, which are of much interest 

in marine science and petroleum engineering, conventional upright microscopy is utilized due to 

the unavailability of pressure devices complementary to CLSM. Here, we aspire to build such as 

pressure cell to advance the applicability of CLSM to investigate wetting transitions under 

pressure.  
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CHAPTER 2: OBJECTIVES 

 

Here, we utilize CLSM to investigate Cassie-to-Wenzel wetting transitions in coating-based 

microtextured hydrophobic surfaces as a function of hydrostatic pressure. Specifically, our main 

objectives are: 

1. Design and develop a CLSM-compatible pressure cell that would facilitate the 

investigation of the effects of external pressure on Cassie-to-Wenzel wetting transitions,  

2. Comparing wetting transitions under external pressure as a function of microtextures, and 

3. Developing physical models for time-dependent wetting transitions by the Fick’s diffusion 

model. 
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CHAPTER 3: MICROSCOPY UNDER PRESSURE 

 

3.1 Introduction to Confocal laser scanning Microscopy 

Confocal laser scanning microscopy (CLSM) is an optical imaging technique that can generate, 

with the help of image analysis software, three-dimensional images of liquid-air interfaces with a 

high spatial resolution (1024px × 1024px)116. This is realized by lasers and fluorescent dyes, which 

when added in trace amounts to probe liquids do not influence their interfacial properties. CLSM 

employs a dichromatic mirror that segregates the incident light and the emitted light from the 

fluorescent molecules, based on their wavelengths. CLSM captures a series of  2D images of 

liquid-air and/or liquid-solid interfaces at regular depth-intervals along the optical axis “z-stacks” 

through a pinhole in conjugation to the focal point of the objective lens127-128. With the laser source 

and fluorescent molecules (fluorophores), this platform enables the user to see interfaces 

selectively due to the discontinuity in the optical properties129. In fact, CLSM has been extensively 

utilized in bioengineering research, for instance, to visualize embryogenesis130, tumbling of 

DNA131, and self-assembly132 , where elevated pressures are not desired. Towards adapting CLSM 

for visualizing wetting transitions at higher pressure, Lv et al., 99, 105 made a remarkable 

contribution. They reported on a pressure device to complement confocal imaging wetting 

transitions under pressure for simple cavities, analyzing the collapse mechanism and assessing the 

lifetime of trapped air pockets. While their design enabled imaging of the liquid-air interface at 

elevated pressures, it was vulnerable to leakages in the module, resulting in flooding. Overcoming 

this limitation led us to develop a novel pressure cell, which also realized in achieving higher 

operational pressure conditions as compared to the previously reported setup.  
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3.2 Pressure Cell for CLSM  

In this thesis, we present our patent-pending design for a robust and inexpensive pressure device 

compatible with CLSM, and we demonstrate its applications towards the in-situ visualization of 

3D liquid-air interfaces in microtextured surfaces under external pressure.133 This development 

significantly broadens the applications of CLSM at a fraction of the cost of the equipment. The 

current design meets the specifications for the Zeiss confocal microscope LSM 710 that is 

equipped with the Zeiss 20X (W Plan) apochromat objective, but the design concepts can be 

extended to other configurations. Our modular design comprises the following simple individual 

parts that are joined together: the base, the pressure vessel, the rubber gasket, and the top lid (Figure 

3-1A). The base and the pressure vessel are made of polylactic acid (PLA) and 3-D printed using 

a BCN3D SIGMA R19 system, and they are bonded together using a super-glue (Figure 3-1C). 

The base comprises three concentric disks that replace the light condenser assembly of the Zeiss 

LSM 710 to achieve perfect alignment between the pressure device and the confocal objective. 

The pressure vessel comprises a circular ridge that houses a standard 35 mm diameter petri-dish, 

which holds the sample immersed in a probe liquid (Figure 3-1B). Above the ridge is a flexible 

rubber gasket with a circular hole in the center, where the (liquid immersion) objective lens sits. 

The gasket ensures the uniformity in the pressure around the sample, while also facilitating a 

vertical movement of the stage during z-stacking. The rubber gasket is secured by screws to the 

pressure vessel through an acrylic lid that has a concentric opening for the objective lens (Figure 

3-1C). The pressure vessel has an inlet for gas (for pressurization) and four small outlets (for 

depressurization), and the former is connected to a compressor through a regulator and pressure 

transducer. The outlets are located at the corners of the pressure vessel that afford a uniform 

pressure distribution around the sample during depressurization (Figure3-1B). 
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Figure 3-1: (A) SolidWorks design of our modular pressure device with the following individual 

parts: the base, the pressure vessel, the rubber gasket, and the top lid. (B) The SolidWorks design 

of the pressure vessel that was 3-D printed. The design shows a pressure inlet and four pressure 

outlets. (C) A photograph of our pressure device after assembling the individual parts. 

 

We applied pressure using an air compressor that was regulated via a manual regulator and 

monitored by a pressure transducer connected to a computer (Figure 3-2). Next, we demonstrate 

the application of this pressure device to investigate wetting transitions using CLSM. 
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Figure 3-2: Illustration of the setup to visualize the liquid-air interface under pressure in confocal 

microscopy. The apparatus has an opening for confocal objective for imaging and is also connected 

to the compressor through pressure controller and transducer to regulate pressure inside the 

pressure vessel. 

 

3.3 Gas-Entrapping Microtextured Surfaces 

In this study we investigated wetting transitions on a new class of surfaces, known as gas-

entrapping microtextured surface(s) (or GEMS), adorned with doubly reentrant cavities (DRCs)  

that are inspired by mushroom-shaped cuticles of springtails (Collembola).87, 124, 134-137 DRCs 

broaden below their inlets and the walls have a T-shaped cross-section124, 135-136, 138 (Figure 3-3[A-

C]). When DRCs are immersed in wetting liquids, they entrap air inside them because of their 

topography. In fact, compared to simple cylindrical cavities carved on SiO2/Si surfaces, DRCs 

were able to entrap air ten million-fold longer on submersion in 5 mm thick hexadecane 

columns124. They have also been used as a coating-free microtexture to mitigate physical damage 

by cavitation.139-140 Given the significant amount of current interest in wetting of GEMS, we 

decided to utilize our pressure device to investigate wetting transitions in GEMS; we also tested 

behaviors of SiO2/Si adorned with arrays simple cavities (SCs) for comparison. 
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Figure 3-3: Scanning electron micrographs of doubly reentrant and simple cavities. (A) Tilted 

isometric view of silica surfaces with array of doubly reentrant cavities (B-C) Detailed cross 

sectional view of doubly reentrant edge. (D) Tilted isometric view of silica surfaces with array of 

simple cavities. (E-F) Detailed cross sectional view of simple cavity inlet. The cavity diameter, D 

= 200 µm, center-to-center distance, pitch, L = 212 µm and depth, H ≈ 53 µm. 

 

We selected silica as our model substrate since well-established procedures exist for 

microfabrication using SiO2/Si wafers, on which we realized arrays of DRCs and SCs using 

protocols that we have reported recently124, 136-137, 141 (Figure 3-3). Using photolithography, dry 

etching of Si and SiO2 layers, and thermal oxide growth, arrays of circular DRCs with diameter, 

D = 200 µm, center-to-center distance (pitch), L = D+12 µm, DR feature overhang length, lc = 4 

μm and depth, H ≈ 53 µm were microfabricated on 1 × 1 cm2 area. Using these microfabrication 

techniques, we also realized samples with simple cavities of similar diameters and pitches as the 
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DRCs (Figure 3-3[D-F]). The cavities were designed to be in a hexagonal-packing to maximize 

the water-air interface area and minimize the water-solid area, within the tolerance limit of our 

fabrication techniques. Further, silica surfaces enabled us to precisely control their chemical make-

up. While we studied wetting transitions for superhydrophilic, hydrophilic, and hydrophobic 

surface make-ups, in this thesis, we are only presenting the data and observations for the 

hydrophobic make-up that was realized by functionalizing the surface with 

perfluorodecyltrichlorosilane (FDTS), using a molecular vapor deposition process142. Table 3-1, 

below, presents the advancing and receding contact angles of water drops on FDTS-coated DRCs, 

measured by dispensing and retracting the probe liquids at 0.2 µL/s. The apparent 

advancing/receding contact angles on FDTS-coated SCs were identical (data not presented). Since 

we knew the dimensions of our cavities well enough, we were able to apply the Cassie-Baxter 

model to predict the apparent advancing contact angles and found an excellent agreement.  Figure 

3-4 illustrates the wetting state and the region corresponding to liquid-solid and liquid-air 

interfaces, realized when DRCs are immersed in water.  

 

Figure 3-4: Schematic representation of the water-air interface stabilized on FDTS-coated DRCs 

(Cassie-state). 𝐴LS and 𝐴LV correspond to the real areas of the water-solid and water-air interface, 

respectively. 
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Table 3-1: Contact angle measurements performed on FDTS coated flat substrate, and cavities: 

contact angle on flat substrate (θo), advancing contact angles (θA) and receding contact angles (θR).  

ϕLS and ϕLV are area fractions for Cassie state. 

Flat surface Cavities 

θo θA θR θA θR ϕLV ϕLS 

112 ± 2° 118 ± 2° 101 ± 2° 153 ± 2° 100 ± 2° 0.81 0.19 

 

3.4 Utilizing the Pressure Device to Investigate Wetting Transitions via CLSM  

We utilized confocal laser scanning microscopy (CLSM) and a custom-built pressure device to 

visualize the water-air interface during wetting transitions as a function of external pressure. 

Imaging was performed after placing the petri dish containing the sample into the pressure cell and 

gently pouring water (with 0.01 M Rhodamine B dye) using a syringe until the sample was 

completely submerged. We kept the laser intensity as low as possible (0.2 mW) to minimize 

localized heating and captured sequential images for a z-stack height of ~70 μm. This allowed us 

to visualize the movements of the water-air interface inside our ~53 μm-deep cavities. We raised 

the external pressure in steps of 15 or 20 kPa, and after each increment, we acquired confocal 

images. In the end, we 3D rendered some of the images using the Imaris v.8.1 software by Bitplane 

to visualize the movements of the meniscus inside cavities as a function of pressure (Figure 3-3).  
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Figure 3-5: Wetting transition in water submerged DRCs. Isometric reconstructions of water-air 

interface and its lateral views along the dotted lines (on either sides of the central image) of 

representative confocal images and the cross-section profile. we realize that the interface is pinned 

at the DR edge. 

 

Using our pressure cell and CLSM, we found that when DRCs were immersed in water, the 

intruding water-air interface was flat at the DRC inlet in the beginning (Figure 3-5). Subsequently, 

with the application of the external pressure, the water-air interface started sagging inside the 
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cavities. Eventually, with the increasing pressure, the water-air meniscus kept increasing its 

curvature as a spheroid and touched the cavity floor (Figure 3-5). Interestingly, throughout these 

wetting transitions, the water meniscus in contact with the DR edge at the inlet of the DRCs 

remained pinned. In contrast, while the FDTS-coated simple cavities (SCs) entrapped air on 

immersion in water, they demonstrated significantly different behaviors under pressure (Figure 3-

6). Crucially, the air-water meniscus on the top was never pinned, and it keeps advancing inside 

the cavities along the cavity walls. In fact, this advancing water-air interface was significantly 

flatter in comparison to that inside the DRCs.  Thus, as it progresses towards the cavity floor, much 

more air has to be displaced/compressed, which implies that FDTS-coated SCs would exhibit 

significantly higher breakthrough pressures than DRCs.  
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Figure 3-6: Wetting transitions in water submerged simple cavities. Reconstructed isometric view 

and cross-sections from the CLSM data for the water-air interface as a function of pressure for 

simple cavities. 

 

Here, we would also like to point out that the heat from the CLSM-laser can accelerate wetting 

transitions with water, so only qualitative trends can be drawn.124 However, CLSM provided 

crucial insights into the mechanisms (albeit, accelerated) underlying the Cassie-to-Wenzel 
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transitions in our microtextured surfaces105-106, 124. In response, we utilized upright optical 

microscopy that does not suffer from these artifacts but lacks in resolution and visualization. Thus, 

CLSM and upright optical microscopy are quite complementary in investigating wetting 

transitions. 

 

3.5 Evaluating Breakthrough Pressure Using Optical Microscopy 

We characterized breakthrough (or liquid entry) pressures, BtP, defined as the magnitude of 

pressure at which the probe liquid penetrates the cavity and touches its floor with the help of optical 

microscopy. BtP provides a quantitative measure of the robustness of a microtexture85. To this 

end, we utilized a home-built experimental setup that enabled video recording of wetting 

transitions of water into our FDTS-coated DRCs and SCs under external pressure (Figure 3-7). 

Samples were glued to a petri-dish placed in the pressure vessel and then immersed the sample 

with water up to a column of height, 𝑤 ≈ 10 mm. The screw-tightened vessel was connected to an 

N2 cylinder through a pressure regulator and transducer. We placed the pressure vessel below the 

microscope objective connected to a USB camera for the simultaneous recording of optical images 

and monitored a set of eight cavities of the sample to obtain mean results. With the help of a manual 

pressure regulator, we pressurized the air in the headspace at the rate ≈1.3 kPa/s. 
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Figure 3-7: Illustration of our setup for measuring breakthrough pressures. Samples immersed in 

water were sealed in the custom-built vessel and pressurized using compressed air. Pressure 

transducer and microscope were used for in-situ measurement of pressure and optical images. 

 

From the set of recorded images, we quantified BtP by visualizing the abrupt change in the 

reflectivity. Experimentally we observed that the progressing meniscus touched the cavity floor at 

a mean pressure value, BtP = 103 ± 2 kPa for DRCs and BtP = 169 ± 1 kPa. 

3.6 Cassie-to-Wenzel transitions in DRCs and SCs with hydrophobic make-up under 

external pressure 

Here, we investigate underwater wetting transitions in DRCs and SCs with hydrophobic make-up 

at hydrostatic pressures (Ph) – 50, 60, 70, 80, and 90 kPa – below the breakthrough pressures. 
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While it is common sense not to operate at BtP, yet the application might take place at, say, 10% 

of that value, so these experiments are quite relevant. Right after the immersion of surfaces in 

water, the pressure was ramped to the desired magnitude and held constant. Due to the elevated 

pressure, the entrapped air dissolved quickly in water, and the primary meniscus approached 

towards the cavity floor. Here, we define the “failing-time” as the duration in which the liquid 

meniscus touches the cavity floor since the application of the external pressure. We found that the 

failing-times of DRCs were significantly shorter than those of SCs (Figure 3-8). The reasoning is 

quite similar to that for the breakthrough pressures: in DRCs, water meniscus remains pinned at 

the DR edges (Figure 3-8[B1-B3]), whereas in the SCs the meniscus keeps advancing along the 

cavity walls. As a result, the liquid-air interface in SCs is significantly flatter and requires the 

dissolution of a significantly larger volume of air until it touches the cavity floor (Figure 3-8[C1-

C3]). To understand the role of the absolute value of the external pressure on the filling-time, we 

developed a theoretical model. 

 

Figure 3-8:Effects of external pressure on underwater Cassie-to-Wenzel transitions in DRCs and 

SCs. With the increasing external pressure, the dissolution of the trapped air into water got faster 

and the time required to touch the cavity floor reduced. (A) Failing times for DRCs and SCs with 
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respect to applied pressure. (B-C) Schematics for wetting transitions in a DRC (B1-B3), and SC 

(C1-C3)  
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CHAPTER 4: SIMULATING BREAKTHROUGH PRESSURE AND 

CASSIE-TO-WENZEL TRANSITIONS IN DR CAVITIES UNDER 

EXTERNAL PRESSURE 

 

4.1 Predicting Breakthrough Pressures Using the Ideal Gas Theory 

Figure 4-1 describes our definition of breakthrough pressure (BtP). It is the external pressure at 

which the liquid-air meniscus stabilized at the DRC touches the bottom of the cavity. Here, we 

apply analytical models based on the ideal gas theory and Fick’s diffusion to gain deeper insights 

into our experimental observations of wetting transitions with water.143 One reasonable estimate 

for BtPs could perhaps be obtained by simply considering the compression of the trapped air, using 

the ideal gas theory. Our microtextured surfaces are amenable to such an analytical exercise 

because of their simple geometry and precise dimensions (Figure 3-3). Additionally, the pressure 

device and CLSM reliably inform us that (i) the water-air interface is flat right after immersion 

(Figure 3-5), and (ii) during the course of wetting transitions, the primary meniscus remains pinned 

at the DR edge (Figure 3-5).  

 

Figure 4-1:Wetting states for calculation of BtP considering air compression only. (A) In the initial 

state, meniscus lays flat on top of DRC. (B) Meniscus profile just touching the bottom of DRC. 
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Thus, Figure 4-1, indeed describes the wetting transition that manifests in our DRCs as we quantify 

their breakthrough pressures using our custom-built experimental setup (Figure 3-7). We 

simplified geometrical calculations by assuming the water-air interface at the circular DRC inlets 

to be a spherical cap. The product of the pressure and the volume of the entrapped gas was balanced 

at the beginning and end under isothermal conditions as, Pi Vi =Pf Vf. We know that Pi = 1 atm, Vi 

= 𝜋 𝑟2 𝐻 = 1.6 × 10−12 m3, and Vf = 0.7 × 10−12 m3 (from CLSM). Based on these estimates, 

we predicted Pf = 132 kPa. In contrast, our experiments revealed that the breakthrough pressure 

was 103 kPa (Table 4-2). To account for this significant error of 28%, we incorporated into our 

model the diffusion of air into water under the influence of the elevated pressure. 

 

4.2 Wetting Transitions Considering the Diffusion of Air in Water  

A number of excellent reports have appeared in recent years on investigating wetting transitions 

in confined cavities. Emami et al., developed a mathematical framework for simulating a diffusion-

based wetting transitions in parallel rectangular grooves144. In a related study, Lv et al.99 

experimentally and theoretically quantified the longevity of Cassie-states of submerged cylindrical 

cavities under pressure, assuming steady-state diffusion. Søgaard et al.101 predicted wetting 

transitions in microcavities by employing statistical corrections to the Fick’s second law of 

diffusion. These studies, however, did not consider the effects of pressure on the diffusion of air 

until after the pressure had reached its (constant) elevated magnitude, i.e., they ignored the duration 

when the pressure was being ramped. For our BtP measurements, that phase is crucial because we 

keep ramping up the pressure until the liquid-air interface touches the cavity floor. Lastly, no one 

has investigated wetting transitions during BtP measurements in DRCs, where the liquid-air 
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interface remains pinned at the DR edge and it extends as a spheroid under pressure towards the 

cavity floor. Below, we present our analytical model to simulate our experiments. 

To incorporate diffusion while the pressure is increased, we considered pressure increments to be 

in sequence of small steps (1 kPa) as they were in our experiments (Figure 4-2). Along these 

pressure steps, the vertical part (or the pressure increment) incorporates the compression of the 

entrapped air, while the horizontal part (constant pressure) is responsible for the diffusion of air in 

water.  

 

Figure 4-2: To simulate the effects of the diffusion of air into water in our BtP measurements, we 

increased pressure in a series of steps. For each step, the vertical part was responsible for the 

compression of the entrapped air, while the horizontal part governed the diffusion of air in water. 

 

4.2.1 Governing Equations for the Theoretical Model 

Building upon previous reports on the diffusion of the entrapped air inside cavities submerged in 

liquids,99, 101, 145-146 we developed a 1-D model to gain insights into our experimental results. 
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Assuming that the gradual ramping of external pressure in our pressure-cell is a quasi-equilibrium 

process, we consider the following force balance to is satisfied under our experimental conditions 

(Figure 4-3),99 

 𝑃H + 𝑃cap = 𝑃G + 𝑃V Eq. 4-1 

where 𝑃H is hydrostatic pressure, 𝑃cap is capillary pressure due to the meniscus curvature, 𝑃G is the 

pressure of entrapped gas (excluding water vapor) within the cavities and𝑃V is the vapor pressure 

of the water. 

 

Figure 4-3: A diagrammatic representation of force balance, incorporating contributions from 

hydrostatics, capillarity, and entrapped air, to predict the shape and position of the liquid-air 

interface. 

 

In this model we considered  𝑃V is constant as it is only a function of temperature and all the 

experiments were carried out at NTP.  The capillary pressure is evaluated through the Laplace 

equation147:  

 
𝑃cap =

2 𝛾LV cos𝜃

𝑟
 Eq. 4-2 

where 𝛾LV is the surface tension of water, 𝜃 is the angle between the water-air interface and the 

wall, and 𝑟 is the radius of the cavity (Figure 4-4A). Moreover, 𝑃H was broken down as the sum 
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of atmospheric pressure, 𝑃atm, pressure imparted from the liquid column, 𝑃w, and external pressure 

(gauge), ∆𝑃; 𝑃H = 𝑃atm + 𝑃w + ∆𝑃.  

 

Figure 4-4: (A) Schematic of doubly reentrant cavities immersed in water and the interface making 

an angle 𝜃 with the wall. ℎ is the depinning length and 𝑙 is sag depth (distance between the centre 

of the interface and the top of cavity along the axis). (B) Concentration of dissolved gas in water 

at interface, 𝑐0 is higher as compared to the bulk concentration of dissolved gas in water, 𝑐∞, thus 

leading to diffusion of air in water. 

 

Considering the entrapped air to be an ideal gas, which for our experimental conditions is a 

reasonable assumption, the following relationship holds as the external pressure is applied: 

 𝑃G,2 𝑉2 = 𝑃G,1 𝑉1 Eq. 4-3 

where V is the volume of entrapped gas, states 1 and 2 represents before and after compression. 

Also, with the increase in the pressure, the solubility of the air in water increases, and accordingly 

the increased equilibrium concentration of the gas at the interface, 𝑐0, is obtained from the Henry’s 

law148 as, 

 𝐻G
cp

=
𝑐0

𝑃G
 Eq. 4-4 
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For simplicity, we assume the entrapped air to be a binary mixture of nitrogen and oxygen. Thus, 

the henry’s constant, 𝐻G
cp

, is evaluated as the molar average of the Henry’s coefficients for nitrogen 

and oxygen (𝐻𝐺
𝑐𝑝

= 𝐻𝑁2

𝑐𝑝
 𝜒𝑁2

+ 𝐻𝑂2

𝑐𝑝
 𝜒𝑂2

 and the mole fraction for nitrogen and oxygen given as 

𝜒𝑁2
≈ 0.8 and 𝜒𝑂2

≈ 0.2) (Table 4-1). 

 

Table 4-1: Physical properties of water and values for Henry’s constant and diffusion coefficient 

for nitrogen and oxygen in water 149. 

Surface tension, 𝜸𝐋𝐕 

  (mN m-1) 
72 

Henry’s constant for nitrogen in 

water, 𝑯𝐍𝟐

𝒄𝒑
 

  (mol m-3 Pa-1) 

6.4x10-5 

Vapor pressure at NTP (kPa) 2.3 

Henry’s constant for oxygen in 

water, 𝑯𝐎𝟐

𝒄𝒑
 

  (mol m-3 Pa-1) 

1.3x10-5 

Density, ρ 

(kg m-3) 
997 

Diffusion coefficient for nitrogen 

in water, 𝑫𝐍𝟐
 

  (m2 s-1) 

2.0x10-9 

Dynamic viscosity, μ  

(mPa.s) 
0.876 

Diffusion coefficient for oxygen in 

water, 𝑫𝐎𝟐
 

  (m2 s-1) 

2.1x10-9 

 

 

The difference in the concentration of the gas at the water-air interface, 𝑐0, and within the bulk of 

the liquid column, 𝑐∞ (concentration of gas present in water at atmospheric conditions), leads to 

the diffusion of gas within the liquid column over time (Figure 4-4B). Assuming the gas diffuses 

in one direction, i.e. upwards along the height of the liquid column, the concentration of the gas 

within the liquid, 𝑐, as a function of time follows Fick’s second law of diffusion 150: 

 𝜕𝑐

𝜕𝑡
= 𝐷G

𝜕2𝑐

𝜕𝑦2
 Eq. 4-5 
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where 𝐷𝐺  is the diffusion coefficient of the gas in water (𝐷𝐺 = 𝐷𝑁2
 𝜒

𝑁2
+ 𝐷𝑂2

 𝜒
𝑂2

), 𝑡 is the time 

and 𝑦 is the distance from the interface. The rate of gas transport through the interface governs the 

change in entrapped gas volume over time, according to the following relation, 

 
𝐴𝑖𝑛𝑡 𝐷𝐺

𝜕𝑐

𝜕𝑦
|

𝑦=𝑦𝑖𝑛𝑡

=
𝑑

𝑑𝑡
(

𝑃𝐺 𝑉

𝑅 𝑇
) Eq. 4-6 

where 𝐴𝑖𝑛𝑡 is the area of the water-air interface (𝐴int = 2𝜋𝑟2 1−sin 𝜃

cos2 𝜃
), 𝑅 is universal gas constant 

and 𝑇 is ambient temperature.  

 

4.2.2 Predictions for Wetting Transitions during BtP Measurements 

Dotted lines in Figure 4-5, labeled as 1, 2, 3, and 4, depict the movement of the water-air interface 

during the course of this simulation, which strives to capture the experimental results presented in 

Figure 3-3. After the immersion of DRCs in the water column, the liquid meniscus rests at the top 

of the cavity, and this sets the initial profile of the interface for simulation (Figure 4-5[1]). Further, 

as the hydrostatic pressure is increased, it results in the sagging of the water-air interface until it 

reaches advancing angle (𝜃A) beyond which it moves downward (Figure 4-5[1-2-3])99. Based on 

our experimental results (Figure 3-3), the advancement of the water-air interface is limited to the 

length of the vertical overhang of depth, hDR = 4 µm. With the increase of pressure or with the 

passage of time, the meniscus continues to sag and it finally touches the bottom of the cavity while 

it is still being pinned at the DR edge (Figure 4-5[4]).  
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Figure 4-5: Illustration of progression of interface inside submerged FDTS grafted DRCs, based 

on confocal microscopy results.  

 

We solved the governing differential equations numerically by employing Runge-Kutta of fourth-

order using Mathematica software. It is to be noted that while solving the above set of equations, 

both the depinning length (ℎ) and the angle between interface and wall (𝜃) cannot be solved 

simultaneously. For that, we first calculated  𝜃 by considering ℎ = 0 (meniscus pinned at the top). 

If the calculated 𝜃 came out to be greater than 𝜃A, meniscus depinning length (ℎ) was calculated 

by substituting 𝜃 = 𝜃A. Next, if ℎ resulted in a value greater than the vertical overhang length 

(ℎDR), the value of 𝜃 was calculated by substituting  ℎ = ℎDR. This set of conditions was iterated 

for every step, obtaining ℎ and 𝜃 as a function of time. Values of 𝜃 and ℎ were utilized to evaluate 

the distance of the center of the meniscus from the top of the cavity (sag length), 𝑙, using a simple 

geometrical analysis, 𝑙 = ℎ + (𝑟 
sin 𝜃−1

cos 𝜃
).  
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Figure 4-6: (A)Theoretical prediction of the meniscus progression during BtP measurements. 

Simulated temporal variation of ∆𝑃, 𝜃, ℎ and 𝑙 for the water-air interface. Labelled points [1-4] 

correspond to those in Figure 4-5. (B) The time-dependent in the concentration of air dissolved in 

water as a function of distance from the air-water interface. 
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Figure 4-6A depicts the change in the interface angle (𝜃), depinning length (ℎ), and the sagging 

depth of the meniscus (𝑙) over time. Moreover, the different stages of meniscus progression in 

Figure 4-6A (Dashed lines) correspond to the representation of meniscus movement shown in 

Figure 4-5. We also evaluated the concentration profile of the diffused gas in water at different 

stages of interface progression (Figure 4-6B). The concentration of gas at the interface increases 

due to a continuous increase in pressure, and also it increases along the length of the water column 

due to its diffusion over time. Eventually, we equated BtP with the pressure corresponding to the 

time at which the meniscus touches the bottom of the cavity (l = H). Predicted result was in good 

agreement with the experimentally obtained BtP (Table 4-2). 

 

Table 4-2: Experimental and theoretically evaluated BtP. 

Experimental BtP 

Theoretically Predicted BtP 

Model considering only 

compression of trapped air 

Model considering both 

compression and diffusion of 

trapped air 

103 ± 2 132 104 

 

4.2.3 Wetting Transitions Under Constant External Pressures (Below BtPs) 

We also predicted the failing time for underwater wetting transitions in FDTS-coated surfaces 

adorned with DRCs at pressures below their breakthrough pressures, using the same governing 

equations (Eq. 4-[1-6]). Simulating this scenario introduced a second phase, where pressure was 

held constant and only diffusion was responsible for the wetting transitions. Figure 4-7A presents 
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temporal variations in 𝜃, ℎ, and 𝑙 for a specific case of FDTS coated DRCs subjected to the constant 

external pressure of 80 kPa. 

 

Figure 4-7: Simulation result for submerged DRC subjected to constant external pressure of 80 

kPa. (A) Predicted failing time and interface geometrical parameters. (B) Variation of 

concentration of dissolved air along the length of water column. The concentration profiles are 

generated for multiple time values, corresponding to points in (A).  

 

Similar to the previous result, the dotted lines in Figure 4-7A also correspond to stages denoted in 

Figure 4-5. The evolution of the concentration of air dissolved in water with time is presented in 

Figure 4-7B. It is interesting to note that, while pressure is increasing the concentration of air in 

water increases at the interface and along the length, but after reaching a constant pressure value 

the air concentration only increases along the length of the water column (𝑦). Further, we compared 

theoretical failing time for DRCs at various constant elevated pressures, with our experimentally 

observed values and it is found to be a good prediction (Figure 4-8).  For every 10 kPa increase in 

pressure, the failing time decreased by a factor ≈ 2. Although the theoretical model is developed 

considering it one dimensional, the results are in agreement with the predicted results.  
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Figure 4-8: Predicted failing time with experimentally observed values for submerged DRCs 

subjected to different constant hydrostatic pressures. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORKS 

 

5.1 Conclusions 

A clear understanding of the effects of pressure on wetting transitions in gas-entrapping 

microtextured surfaces submerged in liquids is crucial for a range of applications, including 

frictional drag reduction, marine locomotion, and membrane distillation. However, there is a 

dearth of experimental techniques that could facilitate real-time 3-D visualization of liquid-air and 

liquid-solid interfaces at high spatial resolutions. In response, this thesis reports on the design and 

development of an inexpensive and robust (patent-pending) pressure device, which we use as an 

accessory for CLSM that is capable of high-resolution imaging using fluorophores and lasers. 

While this pressure device was designed to meet the specification of the Zeiss LSM 710 confocal 

microscope, the design concepts should be translatable to other confocal laser scanning 

microscopes. Using this device and CLSM, we were able to visualize Cassie-to-Wenzel transitions 

in FDTS-coated circular DRCs and SCs at a high spatial resolution to gain valuable insights into 

their wetting transitions under pressure. For instance, we found an unambiguous evidence for the 

stabilization/pinning of the water-air interface at the doubly reentrant edge in FDTS-coated DRCs 

underwater. For cavities of D = 200 µm and H ≈ 53 µm, we observed that with the application of 

external pressure the liquid penetrated inside the DRCs, while the liquid meniscus got pinned at 

the DR edge; as the pressure was increased further, the curvature of the spheroid-shaped water-air 

interface kept increasing until water touched the cavity floor. In stark contrast, in SCs the water 

meniscus was never pinned and it kept on advancing along the cavity walls as the pressure was 

increased. As a result, the advancing water-air interface in SCs was significantly flatter as it 
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progressed towards the cavity floor. Thus, much more air had to be displaced/compressed during 

the forced imbibition of water into SCs, and this is why we observed a significantly higher 

breakthrough pressure for SCs than DRCs. 

Complimentary to confocal microscopy, we utilized optical microscopy and another home-built 

experimental setup, enabled the video recording of wetting transitions of water on microtextured 

surfaces under external pressure. We utilized this setup to also investigate the Cassie-to-Wenzel 

wetting transitions at elevated pressures, but below BtP values for cavities. To gain mechanistic 

insights these experiments, we developed a physical model that accounted for the diffusion of air 

into water as the pressure was ramped to desired values and thereafter. Specifically, we used the 

Fick’s second law of diffusion. w We were also able to predict the time required for the failing of 

Cassie state subjected to elevated pressures (below BtP); failing was defined as the movement of 

the liquid-vapor meniscus form the DR edge to the cavity walls. The model revealed several 

interesting trends, such as higher hydrostatic pressure expedites the diffusion of air in water, thus 

reducing the longevity of Cassie state; for every 10 kPa increase in the pressure, the failing time 

decreased approximately by a factor of 2. For low hydrostatic pressures, we found significant 

deviations in the theoretical predictions and our experimental observations, which presumably due 

to the effects of the capillary condensation of water, which is not accounted for in the present 

model. 

 

5.2 Future Work 

Our pressure device coupled with CLSM can provide unprecedented insights into wetting 

transitions in gas-entrapping microtextured surfaces that are of much practical interest, such as 
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rocks, corals, and automobiles, among others. Below, we list activities that we intend to pursue in 

the near future.  

 One of the challenges that we would like to overcome is to eradicate the localized laser 

heating during CLSM. We will achieve this by exploring cold light sources, IR filters, and 

altering the scanning area and speed. 

 We would like to modify our pressure device for a 40X objective that would facilitate even 

higher spatial resolution. 

 The current design of our pressure device is not leak-proof to the pressurized air, which 

limits the maximum operating pressure. We will continue to iterate the design towards 

higher pressures and CLSM adaptability. 

 We will modify the pressure device to investigate wetting transitions in hydrophobic, 

superhydrophobic, omniphobic, and superomniphobic membranes which would require 

introducing liquids from two sides. Additionally, we are interested in understanding the 

compound effects of fouling and operational pressures on wetting transitions, which are 

areas of much current interest in the desalination102 and other separation and purification 

technologies, e.g., bioresource processing.151 

 With our proximity to the Red Sea, we plant to collect Halobates germanus and Halobates 

hayanus, rarest open ocean insects, to investigate wetting transitions in their plastrons 

underwater.20 This will help us understand how they cope with accidental submersion in 

water and what the differences are.  

 In response to the loss of the entrapped air in gas-entrapping microtextured surfaces, we 

would like to explore strategies for replenishing it.46 
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 In our model for wetting transitions in microtextured surfaces under pressure, we will be 

incorporating the effects of capillary condensation. 
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APPENDIX A: CONDITIONS FOR DEPINNING IN DRCs 

Discussed simulation governs that it is applicable to the system as long as the depinning of the 

meniscus from the DR edge doesn’t occur, otherwise, it cannot predict the transition dynamics. 

Theoretically, depinning will not occur if the geometric constraint of 𝐻 < 0.5 × 𝐷 is maintained 

(detailed geometrical explanation in appendix). In systems where 𝐻 > 0.5 × 𝐷, it is expected that 

the interface would depin from the edge, and wetting occurs on the cavity sidewall instead of the 

cavity floor. In fact, we tested this hypothesis experimentally by performing optical microscopy 

for circular DRCs of diameter, D = 50 μm, and the depth, H = 50 μm. 

 

 

Figure A-1: Depining mechanism in DRCs with H > 0.5 × 𝐷. Interface depinned from DR edge 

to cavity wall for cavities which have higher depth than the radius. Scale bar: 100 µm. (A) Optical 

micrographs (top view) of wetting transitions in DRCs of diameter, 𝐷 = 50 µm, and depth, 𝐻 ≈
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50 µm under increasing pressure. (B) Illustration of the cross-section of DRCs corresponding to 

the optical micrographs undergoing depinning. 

DR cavities when immersed under a liquid experience bulge or sag, where the interface makes an 

angle 𝜃 with the horizontal axis. Firstly, we derive a geometric relation between the angle 𝜃 and 

the sag depth h. 

 

Figure A-2: Illustration of DR cavity immersed under liquid for the calculation of the maximum 

depth of cavity for which the model is valid. 

 

In Figure A-2, AB is the radius of curvature of the meniscus, BD is the tangent to the meniscus 

from the point B (the point where the meniscus is pinned), AD is the streamline coordinate, and 

BC is the horizontal axis.  

𝐶𝐷 = 𝑅 tan 𝜃; 𝐷𝐸 = ℎ; 𝐶𝐸 = 𝑅 tan 𝜃 − ℎ; 𝐵𝐶 = 𝑅 cos 𝜃 

Consider 𝛥 𝐴𝐵𝐶 

 [𝑎 + (𝑅 tan 𝜃 − ℎ)]2 = 𝑎2 +
𝑅2

cos2 𝜃
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Or 𝑎 =
1

2
[
𝑅2 − ℎ2 + 2𝑅ℎ tan 𝜃

𝑅 tan 𝜃 − ℎ
] Eq. A-1 

Consider 𝛥 𝐴𝐵𝐷 

 𝑎2 = 𝑅2 + (𝑎 − ℎ)2  

Or 𝑎 =
𝑅2 + ℎ2

2ℎ
 Eq. A-2 

Equating Eq. A-1 and Eq. A-2 

 
𝑅2 + ℎ2

2ℎ
=

1

2
[
𝑅2 − ℎ2 + 2𝑅ℎ tan 𝜃

𝑅 tan 𝜃 − ℎ
]  

Or [( 𝑅2 + ℎ2) − 2 ℎ2] 𝑅 tan 𝜃 = ℎ(𝑅2 − ℎ2) + ℎ(𝑅2 + ℎ2)  

Or (𝑅2 − ℎ2) 𝑅 tan 𝜃 = 2ℎ𝑅2  

Or 
1

tan 𝜃
=

𝑅2 − ℎ2

2ℎ𝑅
 Eq. A-3 

 

Condition for which the Eq. A-3 is bounded is given as 

 
1

tan 𝜃
> 0  

Thus 
𝑅2 − ℎ2

2ℎ𝑅
> 0  

Or 𝑅 > ℎ  

Thus, the theoretical model is valid for the cases when the radius of DR cavities is greater than 

its depth, H. 

Similar derivation can be done for the case when instead of sag we have an upward bulge in the 

meniscus, and eventually, we get the same result. 
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